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ABSTRACT 

The  acoustical  properties  of  the  MOD  test  tank  at  DSTO  Salisbury  were 
determined,  so  that  the  limitations  on  its  use  for  precise  acoustical 
measurements  might  be  known.  The  tank  properties  were  measured  according 
to  the  characterisation  usually  applied  to  air-filled  reverberant  chambers.  The 
measurement  of  these  properties  is  described,  together  with  a  summary  of 
relevant  sections  of  reverberant  chamber  theory,  as  re-applied  to  a  water-filled 
tank.  Techniques  for  using  the  tank  for  determining  the  acoustical  power 
output  and  directivity  of  sound  sources  are  described,  from  both  a  theoretical 
and  a  practical  viewpoint.  Particular  attention  is  given  to  the  complicating 
effects  of  spatial  and  spectral  variability,  and  a  description  is  given  of  the 
means  of  accounting  for  these  effects.  Methods  for  improving  the  tank 
properties  are  discussed. 
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Executive  Summary 

This  document  describes  the  acoustical  properties  of  the  test  tank  of  the 
Maritime  Operations  Division  at  DSTO  Salisbury,  and  establishes  its  usefulness 
for  both  CW  (continuous,  single  frequency  emission)  and  broadband  sonar 
testing.  The  document  includes,  in  an  easy  to  read  form,  descriptive 
information  on  techniques  to  use  to  obtain  measurements,  of  pre-determined 
accuracy,  in  the  MOD  Salisbury  test  tank.  Particular  attention  is  paid  to  the 
measurement  of  sound  source  strength  and  directivity,  to  the  accounting  of  the 
complicating  effects  of  spatial  and  spectral  variability,  and  to  the  frequency 
limits  of  validity. 

The  methods  used  to  determine  the  properties  of  the  MOD  Salisbury  test  tank 
are  described  in  sufficient  detail  and  generality  for  others  to  similarly 
characterise  different  water-filled  acoustical  test  chambers.  This  description 
includes  a  review  of  the  relevant  theory  of  reverberant  chambers.  It  is  believed 
that  there  is  no  other  single  reference  in  the  literature,  in  which  each  of  room 
acoustic  theory,  spatial  variability  and  spectral  variability  are  described,  and  in 
which  a  practical  guide  is  given  to  the  use  of  a  reverberant  chamber,  whether 
water  or  air-filled,  for  acoustical  measurements. 

In  view  of  the  expense  of  alternate  reservoir  and  sea-based  hydrophone  and 
projector  calibration  procedures,  the  derivation  of  the  limits  of  applicability  of 
the  MOD  Salisbury  test  tank  is  particularly  useful.  Also,  in  reference  to  the 
present  consideration  being  given  to  moving  the  Salisbury  tank,  or  constructing 
a  new  facility,  the  general  description  of  the  acoustics  of  water-filled  chambers, 
which  is  included  in  this  document,  will  provide  a  vital  source  of  information 
in  the  event  that  a  new  chamber  is  designed,  or  in  the  event  that  the  location 
and,  hence,  properties  of  the  present  tank  are  changed. 
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Acoustical  Properties  of  the  MOD 
Salisbury  Test  Tank  and  Techniques  for 
Measurements 


1.  Introduction 

This  document  describes  work  which  has  established  the  limits  of  usefulness  of 
the  test  tank  of  the  Maritime  Operations  Division  at  DSTO  Salisbury  for  both 
CW  (continuous,  single  frequency  emission)  and  broadband  sonar  testing.  The 
document  also  reports,  in  an  easy  to  read  form,  descriptive  information  on 
techniques  to  use  for  measurements  in  the  MOD  Salisbury  test  tank.  The  work 
described  in  this  document  is,  in  fact,  a  serendipitous  spin-off  from  a  detailed 
investigation  of  the  effects  of  spatial  and  spectral  variability  on  the 
performance  of  sonar  systems.  The  present  work  was  completed  to  the  degree 
reported  below,  as  it  was  realised  that  the  MOD  Salisbury  test  tank  had  never 
before  been  characterised  acoustically,  and  as  the  limitations  on  its  use  were 
previously  unknown. 

The  MOD  Salisbury  test  tank  was  found  to  behave  as  a  reverberant  chamber. 
The  relevant  theory  of  reverberant  chambers  is  then  reviewed  below,  as  the 
authors  believe  that  there  is  no  single  reference  in  the  literature,  in  which  each 
of  room  acoustic  theory,  spatial  variability  and  spectral  variability  are 
described,  and  in  which  a  practical  guide  is  given  to  the  use  of  a  reverberant 
chamber  for  acoustical  measurements.  Also,  the  review  of  this  material  is 
necessary  as  it  places  the  work  performed  in  context,  and  as  it  clarifies  the 
basic  assumptions  from  which  the  measurement  procedures  are  derived.  For 
the  convenience  of  MOD  personnel,  all  theoretical  aspects  are  presented  in 
terms  of  a  water-filled  chamber,  as  many  equations  presented  elsewhere  in  the 
literature  are  only  relevant  for  air-filled  chambers.  No  other  in-depth 
description  of  the  properties  of  water-filled  chambers  is  believed  to  exist  in  the 
literature.  This  material  has  relevance  to  other  water-filled  acoustic  test 
chambers  which  exist  in  the  Australian  defence  community,  as  the  relations 
presented  below  are  general  in  nature,  and  may  be  applied  directly  to  such 
chambers,  in  most  cases. 

The  scientific  use  of  a  reverberant  acoustic  chamber  for  sound  power 
measurements  of  noise  sources  is  common  in  the  field  of  air  acoustics  and  is 
extensively  documented,  for  example,  chapter  9  in  reference  (1)  and  chapter  6 
in  reference  (2).  The  corresponding  use  of  a  reverberant  water-filled  tank  in 
underwater  acoustics  appears  to  be  uncommon,  with  most  such  facilities  being 
used  for  transient  measurements.  In  fact,  it  appeared  to  the  authors  that  the 


1 


underwater  acoustics  community  was  largely  unaware  of  room  acoustics 
theory.  Reference  (3),  however,  briefly  describes  an  example  of  the  use  of  a 
water  filled  tank  as  a  reverberant  chamber.  It  occurred  to  the  authors  that  the 
MOD  test  tank  at  DSTO  Salisbury  would  act  as  a  reverberant  chamber,  as  both 
the  concrete-lined  walls  and  the  air-water  interface  were  expected,  by  virtue  of 
a  high  acoustic  impedance  mis-match,  to  be  acoustically  reflective.  Further,  in 
view  of  the  expense  of  alternate  reservoir  and  sea-based  hydrophone  and 
projector  calibration  procedures,  it  was  decided  to  establish  the  limits  of 
applicability  of  the  MOD  Salisbury  test  tank,  based  on  the  well  established 
principles  of  air-filled  room  acoustics. 

This  acoustical  characterisation  of  the  MOD  Salisbury  test  tank,  has  led  to  two 
different  test  procedures.  Firstly,  by  establishing  the  distance  from  a  sound 
source  in  the  tank  at  which  the  average  sound  intensity  due  to  the  direct 
radiated  sound  is  greater  than  the  average  sound  intensity  due  to  the 
reverberant  sound  field  (sound  reflected  from  the  tank  walls  and  from  the  air- 
water  interface),  a  means  of  obtaining  direct  field  measurements  was 
established.  Secondly,  by  locating  a  receiver  in  the  reverberant  sound  field, 
sufficiently  far  from  the  sound  source,  a  means  of  indirectly  measuring  the 
sound  power  of  a  source,  based  on  the  average  rate  of  sound  absorption  in  the 
tank,  was  specified.  Vanselow,  in  reference  (3),  gives  an  incomplete 
description  of  this  second  method. 

This  document  describes  the  MOD  Salisbury  test  tank  properties,  so  as  to  assist 
the  conduct  of  measurements  in  the  tank.  Further,  measured  data  is  used  to 
show  how  the  MOD  Salisbury  test  tank  might  be  modified  to  improve  its 
utility.  A  more  detailed  analysis  of  the  statistical  properties  of  the  reverberant 
sound  field  in  the  tank  will  be  included  in  a  future  report,  as  that  work  relates 
more  directly  to  the  general  performance  of  acoustical  receivers  and  arrays, 
and  to  the  acoustics  of  shallow  water  environments. 


2.  Summary  of  Acoustics  of  Reverberant  Chambers 

2.1  Introduction 

The  summary  of  the  theory  relating  to  reverberant  chambers,  which  is 
presented  below,  is  generalised  for  a  fluid-filled  chamber,  with  particular 
reference  to  water  as  the  fluid  medium.  The  approach  is  based  mainly  on 
reference  (2). 

For  a  fluid-filled  chamber,  enclosing  a  single  sound  source,  the  sound  pressure 
at  a  receiver  will  be  a  summation  of  that  due  to  sound  travelling  directly  from 
the  sound  source,  plus  that  which  emanates  from  the  sound  source  and  travels 
along  paths  which  involve  reflections  with  the  chamber  boundaries. 
Depending  upon  the  sound  absorptive  properties  of  the  chamber  boundaries, 
the  number  of  paths  which  involve  reflections  which  contribute  significantly  to 
the  total  sound  pressure  at  the  receiver  may  be  either  as  low  as  zero  or  very 
large.  For  a  true  anechoic  chamber,  all  sound  incident  on  the  chamber 
boundaries  is  absorbed,  whereas  for  a  highly  reverberant  chamber,  a  large 
number  of  reflections  contribute  to  the  received  pressure,  with  phase  coherent 
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addition  of  the  components  from  the  direct  path  and  from  all  the  reflected 
paths  being  relevant.  A  highly  reverberant  chamber  thus  has  multi-path 
acoustic  transmission  from  a  sound  source  to  a  receiver,  and  may  be  regarded 
as  a  multi-modal  environment.  Clearly,  the  closer  a  receiver  is  to  the  sound 
source,  the  greater  is  the  contribution  from  the  direct  sound  path. 

This  will  be  true  for  any  acoustical  wavelength,  however,  for  wavelengths 
which  are  much  larger  than  chamber  dimensions,  significant  reflections  from 
the  chamber  boundaries  reach  the  sound  source  at  more  or  less  the  same  phase 
(the  air-water  interface  will  cause  a  180°  phase  change)  and  act  on  the  source 
to  change  the  effective  radiation  impedance.  For  this  reason,  as  well  as  other 
reasons  mentioned  below,  there  is  a  lower  frequency  limit  for  the  applicability 
of  reverberant  chamber  theory.  Generally  speaking,  chamber  dimensions  need 
to  be  greater  than  a  wavelength.  In  the  case  of  the  MOD  Salisbury  test  tank, 
for  a  maximum  chamber  dimension  (length)  of  7.5  m,  this  restriction  implies  a 
lower  frequency  limit  of  approximately  200  Hz. 

2.2  Reverberation  time 

For  a  chamber  with  reflective  boundaries,  if  there  is  no  sound  absorption 
within  the  fluid1  and  all  absorption  occurs  upon  incidence  with  the 
boundaries,  the  relation  between  the  rate  of  change  of  the  energy  density  (in 

the  reverberant  field)  in  the  chamber,  the  acoustic  power  supplied  by  a 

dt 

sound  source,  P,  and  the  power  dissipated  at  the  boundary  surfaces,  T",  from 
the  requirement  for  the  conservation  of  acoustical  energy,  is  given  by  (from 
reference  (2)) 

V —  =  P  -  T.  .  (1) 

dt  d 

where  V  is  volume  of  water  in  tank,  m3 

For  each  relevant  term  in  equation  (1),  the  bar  indicates  a  running  time 
average. 

The  relation  between  the  sound  power  dissipated  and  the  acoustic  energy 
density  in  the  reverberant  field  is  given  by  (reference  (2)): 

P”  =  —  a  Aw  (2) 

d  4 

where  c  is  sound  velocity,  m/s 

a  is  weighted  average  sound  power  absorption  coefficient  for 
the  entire  tank 

A  is  total  surface  area  of  tank  boundaries,  m2 

The  factor,  4,  in  equation  (2)  results  from  the  assumption  that  the  reverberant 
sound  field  is  perfectly  diffuse,  that  is,  an  equal  amount  of  sound  energy  is 


1  In  the  theoretical  approach  presented  below,  it  is  assumed  that  no  absorption  of  sound 
takes  place  within  the  fluid.  The  absorption  of  sound  in  the  fluid  medium  imposes  an 
upper  frequency  limit  on  the  use  of  a  reverberant  chamber,  and  is  discussed  in  section  2.10. 
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presumed  to  be  travelling  in  every  direction  within  the  sound  field.  The 
derivation  of  this  factor  is  similar  to  the  explanation  given  in  section  9.2.2  of 
reference  (1). 


By  substitution,  the  equation  for  energy  conservation,  equation  (1),  then 
becomes 

Vdw  +  —  a  Aw  -  T  .  ^ 

dt  4 

From  equation  (3)  it  may  be  shown  that,  following  the  sudden  removal 
(cessation)  of  the  sound  source,  in  the  case  of  a  fully  insonified  chamber,  the 
acoustic  energy  density  in  the  chamber  will  undergo  an  exponential  decay,  as 
the  remaining  acoustical  energy  is  progressively  absorbed.  The  characteristic 
decay  time,  t,  being  the  time  for  the  acoustical  energy  density  to  decrease  by  a 
factor  e1,  is  then  given  by 


caA 


In  the  case  of  room  acoustics,  it  is  common  to  use  the  term,  T^,  or 
reverberation  time,  this  being  the  time  for  the  acoustic  energy  density  to 
decrease  by  60  dB  (i.e  decrease  by  a  factor  of  106).  It  follows  that 
T6 o  =  (6  lnl0)x  =  13.82i,  that  is,  we  have 


T  = 
60 


24  y  lnlO 
caA 


(5) 


In  the  case  of  a  speed  of  sound  for  fresh  water  of  1481  m/ s  (appendix  10, 
reference  (4)),  the  reverberation  time  becomes 

T  =  °-0373  v  .  (6) 


2.3  Sabine  Equation 


For  practical  acoustical  chambers,  it  is  assumed  that  each  of  the  i  parts  of  the 
chamber  boundary  surface,  of  surface  area  At,  has  associated  with  it  a 
particular  sound  absorption  coefficient  a,.  The  overall  sound  absorption 

coefficient  for  the  chamber,  a,  is  assumed  to  be  given  by 


a 


£«,  A 

i 

A 


(7) 


The  Sabine  equation  (named  in  honour  of  W.  C.  Sabine  -  reference  (2))  for  the 
reverberation  time  of  a  water-filled  chamber  then  follows  from  equation  (6)  as 


T  = 
60 


0.0373  V 

£«,  A 


(8) 


As  shown  in  section  3,  for  a  particular  chamber  the  reverberation  time  may  be 
estimated,  based  on  the  known,  calculated  or  measured  acoustical  absorption 
coefficients  for  the  different  boundary  surfaces  of  the  chamber.  Further,  as 
shown  below,  a  determination  of  the  reverberation  time,  by  either 
measurement  or  estimation,  coupled  with  a  knowledge  of  the  chamber  volume 
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and  the  surface  area  of  its  boundaries,  leads  to  the  complete  acoustical 
characterisation  of  the  chamber. 


2.4  Direct  and  Reverberant  Sound  Field  Contributions 


For  a  sound  source  in  a  reverberant  acoustical  chamber,  the  sound  pressure 
received  at  a  particular  point  in  the  chamber  is  due  to  a  contribution  from  the 
directly  radiated  sound  and  due  to  contributions  from  the  sound  received 
along  all  the  paths  which  involve  sound  reflections  at  a  boundary  surface. 
There  will  be  an  infinite  number  of  these  latter  contributions,  but  their 
significance  will,  of  course,  be  related  to  the  degree  of  sound  absorption 
occurring  at  each  reflection.  For  the  direct  field  component,  for  a  sound  source 

of  directivity  Q9,  the  acoustical  energy  density  wiir  at  a  distance  r  from  the 
acoustic  centre  of  the  source  is  given  by  free  field  sound  radiation 
considerations  as 


w 


dir 


re, 

4rcr2c 


(9) 


For  the  reverberant  sound  field,  we  may  make  use  of  equation  (2).  This 
obtains  the  relation  between  the  power  dissipated  within  the  room  and  the 
acoustic  energy  density.  Now,  the  rate  at  which  acoustic  power  is  being  added 

to  the  reverberant  field  is  (1  -  a)T,  as  the  addition  to  the  reverberant  field 
occurs  after  the  first  reflection  from  the  chamber  boundary  surfaces.  Since,  for 
a  steady  state  situation,  with  no  change  to  the  rate  of  energy  addition  by  the 
source,  the  rate  at  which  energy  is  being  added  to  the  chamber  is  equal  to  the 

rate  at  which  it  is  dissipated,  we  have  the  result  that  the  energy  density  wm 
due  to  the  reverberant  field  (at  any  location  in  the  room)  is  given  by 


4  F 


w  = 

™  c  R 


(10) 


where  R 

rc 

is  known  as  the  room  constant. 


a  A 
1  -  a 


(11) 


For  later  convenience  R,.c  may  be  expressed  in  terms  of  the  reverberation  time 
T^.  Here,  substitutions  may  be  made  in  equation  (11)  using  equations  (7)  and 
(8),  giving 


0.0373  V 

'rc  Tm  -  0.0373  VTA 


(12) 


As  mean  square  pressure  is  equal  to  pc2  times  the  acoustical  energy  density 
(this  follows,  for  example,  from  equation  (5.62)  of  reference  (4)),  the  total  mean 

square  acoustical  pressure  p7  at  a  distance  r  from  the  sound  source,  resulting 
from  both  the  direct  and  reverberant  contributions,  from  equations  (9)  and  (10), 
follows2  as 


2 

Note  that  a  value  of  mean  square  acoustical  pressure  is  wholly  real,  and  thus  subject  to 
phase  cancellations,  and  hence  requires  spatial  averaging. 
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(13) 


p1  =  pcP 


4rcr2  R 


where  p  is  fluid  density,  kg/ m3 


Now,  at  a  particular  distance  from  the  sound  source,  the  contributions  from 
the  direct  and  reverberant  sound  fields  will  be  equal.  From  equation  (13),  it 
follows  that  this  distance,  known  as  the  radius  of  reverberation,  or  critical 
radius,  r0,  is  given  by 


ro  = 


Rrc  Qb 

\|  16n 


(14) 


Using  equation  (12),  the  reverberation  radius  in  a  water-filled  chamber  may 
then  be  expressed  conveniently  in  terms  of  the  reverberation  time,  as 

_  0.0373  V  Qe  (15) 

T°  N  1671  (Ta  -  0.0373  V/  A) 


2.5  Sound  Power  Measurements  in  Tank 

In  terms  of  acoustical  measurements  obtained  in  the  water-filled  test  tank,  if  a 
receiver  is  located  at  a  distance  from  a  sound  source  which  is  much  less  than 
r0,  then  the  acoustical  pressure  measured  will  correspond  with  that  obtained  at 
the  same  distance  in  a  free  field  environment.  This  situation  corresponds  with 
the  reverberant  sound  component  disappearing  from  equation  (13).  The  sound 

power  ~P  of  the  source  then  follows  as 

p  _  ^  (16) 

“p^QT' 

where  p^  is  mean  square  acoustical  pressure  in  direct  field,  Pa2 

Conversely,  if  the  receiver  is  located  much  further  from  the  source  than  r0,  the 
acoustical  pressure  measurements  will  correspond  with  the  reverberant  sound 
field  in  the  tank.  Here  the  sound  power  of  the  source  may  also  be  determined. 
In  this  case,  the  direct  field  component  disappears  from  equation  (13)  and  the 

sound  power  7  is  obtained  as 

-p  =  RrcK?  '  (17) 

4pc 

where  prJ  is  spatially  averaged  mean  square  acoustical  pressure  in 
reverberant  field.  Pa2 

Using  equations  (16)  and  (17),  it  is  possible  to  relate  measurements  of  mean 
square  sound  pressure  in  either  of  the  direct  or  the  reverberant  fields  to  the 
absolute  power  output  of  an  acoustical  source,  expressed  as  watts. 
Alternatively,  with  re-arrangement,  the  power  output  may  be  expressed  as  the 
source  level,  SL.  (From,  for  example,  section  8.9  of  reference  (4),  the  SL  of  an 
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acoustical  source  is  defined  as  the  axial  response,  as  an  rms  sound  pressure 
level  in  dB,  extrapolated  back  to  a  position  1  m  from  the  acoustical  centre  of 
the  source.) 

From  equation  (16),  setting  Qe  to  1  (to  give  the  axial  response),  using  values  of 
density  and  sound  velocity  for  fresh  water  of  998  kg/ m3  and  1481  m/s, 
respectively  (appendix  10  of  reference  (4)),  and  using  a  reference  sound 
pressure  level  of  1  pPa,  the  direct  field  rms  sound  pressure  level,  SPLiir,  may 

be  given  as  a  function  of  source  sound  power  ~P  and  measurement  distance  r 
as 

SPLdir  =  170.7  +  10  log10F  -  20  log1Qr  dB  (18) 

where  SPLdir  is  rms  sound  pressure  level  due  to  direct  field,  dB  re 
1  pPa,  that  is 

f  \ 

SPLd,r  =  10  log,, 

w 

where  pref  is  reference  acoustic  pressure,  1  pPa  (20  pPa  for  air  acoustics) 

If  a  direct  field  measurement  at  1  m  distance  is  possible,  the  SL  is  then  the 
same  as  the  measured  rms  sound  pressure  level.  For  other  measurement 
distances,  the  SL  may  be  obtained  with  the  distance  correction  implied  by 
equation  (18).  It  is  worth  noting  that  the  SL  may  thus  be  determined  from  a 

measurement  of  the  direct  field  sound  pressure  level,  SPLiir,  taken  at  any 

distance  from  a  monopole  source  existing  as  a  pulsating  sphere.  Such  a 

measurement  may  even  be  taken  at  a  point  on  the  surface  of  the  sphere, 

regardless  of  the  acoustic  wavelength  (so  long  as  the  displacement  of  the 
surface  is  much  less  than  the  radius  of  the  sphere).  (See,  for  example,  section 
8.1  of  reference  (4).)  The  commonly  held  view  that  a  measurement  must  be 
taken  at  least  one  wavelength  from  the  source  is  then  false. 

From  equation  (18),  the  SL  follows  as 

SL  =  170.7  +  10  log10F  dB 

Substituting  for  F,  using  equation  (17),  and  re-introducing  Qe  from 
equation  (16)  via  equation  (18)  (which  we  must  do  as  our  measurement  of 
SPLrev  is  not  referenced  to  on-axis  response)  gives  an  expression  for  SL,  based 
on  a  measurement  of  the  rms  sound  pressure  level  in  a  reverberant  field, 
SPLrev,  as 

SL  =  SPLm  *  10  log10Rt  *  10  log„G,  -  17.0  dB.  (19) 

where  SPLrev  is  sound  pressure  level  of  spatially  averaged  rms  sound 
pressure  due  to  reverberant  field,  dB  re  1  pPa,  that  is 


By  now  substituting  for  the  room  constant  Rrc  in  terms  of  the  reverberation 
time  Tm,  using  equation  (12),  we  have  an  expression  for  SL  in  terms  of  the 
volume  of  water  in  the  tank,  V,  and  the  surface  area  of  the  tank  boundaries.  A, 


as 


SL  =  SPLm*  10  log10 V +  10  log10Qe-  10  log 


10 


T  - 

60 


0.0373  V 


31.3  dB.  (20) 


As  discussed  below,  a  value  of  SPLrev  must  be  obtained  from  a  measurement 
procedure  which  includes  either  spatial  or  spectral  averaging,  or  both. 


Note  that,  if  SL  has  been  determined  from  a  direct  field  measurement  using 
equation  (18),  a  measurement  of  the  rms  sound  pressure  level  in  the 
reverberant  field,  SPLrev,  may  be  used  with  equation  (20)  to  determine  the 
directivity,  Qe,  of  a  sound  source.  Equations  (18)  and  (20)  are  thus  very 
important  in  the  characterisation  of  sound  sources. 


2.6  The  MOD  Salisbury  Test  Tank  as  a  Reverberant  Chamber 


The  analysis  contained  in  sections  2.2  to  2.5  is  applicable  to  the  MOD  Salisbury 
test  tank,  so  long  as  the  tank  acts  as  a  reverberant  chamber  in  which  the  sound 
field  is  diffuse.  The  sound  field  within  the  tank  was,  in  fact,  confirmed  as 
being  diffuse  by  comparing  the  observed  spatial  variability  to  that  which  is 
expected  for  reverberant  chambers.  These  measurements,  in  turn,  reveal  the 
extent  of  the  measurement  problem  due  to  variability  of  pressure  with  spatial 
location,  and  are  shown  below  to  illustrate  the  problem,  and  to  confirm  the 
accuracy  of  the  diffuse  field  assumption  for  the  MOD  Salisbury  test  tank. 

As  is  well  known  and  shown,  for  example,  by  Pierce  (equation  6-7.14  of 
reference  (2)),  above  the  Schroeder  cutoff  frequency  (see  section  2.9,  below),  the 
mean  square  pressure  response  to  a  pure-tone  excitation  in  a  fluid-filled 
chamber  follows  an  exponential  distribution.  As  shown  by  Dyer 

(reference  (5)),  for  example,  pressure  values  for  which  the  mean  squares  are 
exponentially  distributed  follow  a  Rayleigh  density  when  transformed  to  rms 
values.  When  expressed  logarithmically,  as  dB,  these  pressure  values  are 

distributed  with  a  standard  deviation  a  =  ( 10  log,/)  n  /\f6  ~  5.57  dB 
(reference  (2)).  Further,  the  expected  rate  of  variation  with  location  in  the 
chamber  is  known.  From,  for  example.  Figure  6-18  of  Pierce  (reference  (2)),  the 
spatial  autocorrelation  function  of  mean  square  pressure  is  given  as 

(sin2  (k  AL))/(k  AL)2,  where  k  is  the  wave  number  to/c  and  AL  is  the 
separation  distance  of  locations  in  the  chamber.  Thus,  mean  square  pressure 
values  obtained  at  X/2  (half  wavelength)  spacing  are  statistically  independent, 
and  the  value  of  autocorrelation  may  be  shown  to  fall  to  e1  at  kl  =  1.644. 


The  MOD  Salisbury  test  tank  has  dimensions  shown  in  Figures  1  and  2  below. 
As  shown  in  Figure  1,  viewed  in  the  vertical  plane,  the  tank  has  vertical  sides 
which  are  curved  (with  radius  1  m)  at  the  bottom.  Viewed  in  the  horizontal 
plane  at  the  water-air  interface,  as  shown  in  Figure  2,  the  tank  has  an  elliptical 
shape  with  major  and  minor  axis  dimensions  of  7.5  m  and  6  m,  respectively. 
The  tank  is  thus  shaped  like  a  cylinder  of  elliptical  cross-section,  with  rounded 
bottom  edges.  The  volume  of  the  water  in  the  tank  is  approximately  200  m3. 
The  area  of  the  water-air  interface  (the  area  of  the  ellipse)  is  35.3  m2,  with  the 
area  of  the  wetted  tank  wall  being  approximately  160  m2  (the  tank  bottom  area, 
plus  the  product  of  the  perimeter  of  the  ellipse  and  the  tank  depth). 
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Figure  1:  Projector  Location  in  Vertical  Plane,  MOD 
Salisbury  Test  Tank 


i 


Figure  2:  Projector  Location  in  Horizontal  Plane,  MOD 
Salisbury  Test  Tank 


The  spatial  variability  in  the  MOD  Salisbury  test  tank  was  measured  at  each  of 
four  frequencies  using  a  fixed  source  and  a  moveable  hydrophone  receiver.  In 
each  test,  the  source  emitted  a  pure  tone  at  one  of  1,  2,  4  and  8  kHz.  The 
hydrophone  was  moved  along  a  vertical  line  in  discrete  steps  of  0.01  m 
(0.0053  m  for  the  8  kHz  test)  where  it  was  held  for  a  minimum  of  15  seconds 
for  each  step.  The  mean  square  pressure  levels  were  recorded  on  an  HP 
spectrum  analyser  using  a  spectral  line  separation  of  3.125  Hz  (flat  top 
windowing)  and  are  shown  in  Figure  3  for  source  frequencies  1  and  2  kHz, 
and  in  Figure  4  for  4  and  8  kHz.  The  15  second  pause  before  each 
measurement  was  included  to  ensure  that  noise  transmitted  to  the  hydrophone 
by  the  traversing  equipment  had  decayed.  The  source  and  receiver  were 
separated  by  about  3  m;  the  vertical  traverse  started  near  the  bottom  of  the 
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Figure  3:  Spatial  variation  of  sound  pressure  measured  along  straight  line  in  MOD 
Salisbury  test  tank  with  source  at  fixed  location:  (a)  source  frequency 
1  kHz,  (b)  2  kHz 


tank  and  terminated  1  m  from  the  surface. 

Each  of  the  curves  of  received  sound  pressure  level  versus  distance  shown  in 
Figures  3  and  4  show  a  large  variation  with  location.  The  span  of  values  of 
about  20  dB,  for  all  but  the  1  kHz  plot  in  Figure  3,  is  consistent  with  the  ±2c>  of 
22.3  dB  expected  for  Rayleigh  distributed  rms  pressure  values. 

Figures  5  and  6  show  the  corresponding  non-dimensional  estimates  of  the 
autocorrelation  function  using  linear,  mean  square  pressure  data.  The  point  at 
which  the  autocorrelation  reaches  e'1  is  identified  in  each  of  the  curves.  These 
values  of  kL  indicated  in  Figures  5  and  6  agree  very  well  with  the  expected 
value  of  1.644  which  satisfies  the  known  autocorrelation  function  for  a 
perfectly  diffuse  sound  field.  These  values  are  summarised  in  Table  1. 
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Figure  4:  Spatial  variation  of  sound  pressure  measured  along  straight  line  in  MOD 
Salisbury  test  tank  with  source  at  fixed  location:  (c)  source  frequency 
4  kHz,  (d)  8  kHz 

Table  1:  Measured  Spatial  Separation  for  e1  Autocorrelation  of  Mean  Square 
Pressure  ,  for  MOD  Salisbury  Test  Tank 


Frequency 

1000  Hz 

2000  Hz 

4000  Hz 

8000  Hz 

kL  from  theory 

1.644 

1.644 

1.644 

1.644 

kL  measured 

1.4 

1.6 

2.5 

1.4 

Figures  7  and  8  show  the  associated  probability  density  functions  for  sound 
pressure  level  generated  using  uniform  class  intervals  over  the  range  -30  to 
10  dB  about  the  mean,  as  compared  with  the  theoretical  probability  density 
associated  with  Rayleigh  distributed  rms  values  given  by  Dyer  (reference  (5)). 
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Figure  5:  Autocorrelation  of  mean  square  of  sound  pressure  measured  along  straight 
line  in  MOD  Salisbury  test  tank  with  source  at  fixed  location:  (a)  source 
frequency  1  kHz,  (b)  2  kHz 


Table  2  lists  the  results  of  a  f  goodness-of-fit  test  for  adherence  of  the 
measured  rms  pressure  values  to  the  Rayleigh  distribution. 


Table  2:  Test  of  Hypothesis:  Spatial  Distribution  of  RMS  Pressure  Measured  in 
MOD  Salisbury  Test  Tank  fits  Rayleigh  Distribution  (95%  confidence) 


Frequency 

1000  Hz 

2000  Hz 

4000  Hz 

8000  Hz 

accept  or  reject 

strongly  reject 

borderline 

accept 

accept 

The  conclusion  from  the  results  presented  in  Figures  3  to  8  and  Tables  1  and  2 
is  that  the  MOD  Salisbury  test  tank  is  highly  diffuse  at  1000  Hz  and  higher 
frequencies,  and  that  the  spatial  variations  of  rms  pressure  are  a  good  fit  to  the 
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Figure  6:  Autocorrelation  of  mean  square  of  sound  pressure  measured  along  straight 
line  in  MOD  Salisbury  test  tank  with  source  at  fixed  location:  (c)  source 
frequency  4  kHz,  (d)  8  kHz 

Rayleigh  distribution  for  frequencies  of  2000  Hz  and  above.  Clearly,  the  MOD 
Salisbury  test  tank  may  be  used  as  a  highly  reverberant  chamber. 

2.7  Averaging  of  Spatial  Variability 

In  practical  use,  the  distance  of  a  receiver  from  the  sound  source  will  be 
neither  much  greater  nor  much  less  than  the  radius  of  reverberation,  r0,  and 
both  the  direct  and  reverberant  sound  fields  will  contribute  to  the  received 
acoustic  pressure.  For  a  sound  source  radiating  at  a  single  frequency  at  a  fixed 
location  in  a  highly  reverberant  chamber,  the  reverberant  sound  field  will  have 
a  spatially  correlated  variability  of  rms  pressure  corresponding  with  a  Rayleigh 
probability  distribution,  as  shown  above.  In  the  case  of  both  the  direct  and 
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Figure  7:  Distribution  of  spatial  variation  of  sound  pressure  level  measured  along 
straight  line  in  MOD  Salisbury  test  tank  with  source  at  fixed  location 
(jagged  line),  compared  with  theory  for  Rayleigh  distributed  rms  pressure 
values  (smooth  curve):  (a)  source  frequency  1  kHz,  (b)  2  kHz 


reverberant  sound  fields  contributing  to  the  received  sound  pressure,  the 
situation  is  then  of  a  constant  vector  plus  a  large  number  of  random  vectors, 
with  the  spatial  variability  of  the  rms  pressure  now  corresponding  to  a  Rician 
probability  distribution  (chapter  4,  reference  (6),  for  example).  In  such  a 
spatially  variable  sound  field,  the  received  sound  pressure  may  be  averaged 
over  a  straight  line  path  which  is  longer  than  the  distance  for  the 
autocorrelation  function  for  mean  squared  pressure  to  fall  to  zero.  This 
distance  is  half  a  wavelength  for  an  omnidirectional  receiver  in  a  perfectly 
diffuse  sound  field  (section  6-8  of  reference  (2),  for  example). 

If  spatial  averaging  is  used,  it  must  be  remembered  that  at  distance  r0  the 
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Figure  8:  Distribution  of  spatial  variation  of  sound  pressure  level  measured  along 
straight  line  in  MOD  Salisbury  test  tank  with  source  at  fixed  location 
(jagged  line),  compared  with  theory  for  Rayleigh  distributed  rms  pressure 
values  (smooth  curve):  (c)  source  frequency  4  kHz,  (d)  8  kHz 

spatially  averaged  total  sound  pressure  will  be  3  dB  higher  than  due  to  either 
the  direct  or  the  reverberant  components,  as  this  distance  corresponds  with 
equality  of  energy  densities  of  each  of  the  two  components.  At  fractions 
or  multiples  of  the  distance  r0,  the  relation  between  the  received  spatial  average 
of  sound  pressure  level  in  dB  and  the  true  direct  or  reverberant  sound  pressure 
level  must  be  determined. 

In  order  to  anticipate  the  amount  of  spatial  variability  existing  at  the  distance 
rQ,  and  at  various  fractions  of  it,  a  Monte  Carlo-type  simulation  was  carried  out 
in  which  the  standard  deviation  c,  in  dB,  of  Rician  distributed  values  was 
determined  for  various  ratios  of  constant  to  random  components.  At  the  time 
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this  simulation  was  carried  out,  it  did  not  appear  that  there  was  any  known 
expression  for  the  required  standard  deviation.  The  results  of  this  simulation, 
including  the  corresponding  fraction  of  r0,  the  ratio  of  random  to  constant 
power,  the  randomicity  (ratio  of  random  power  to  total  power  as  used  by 
Urick,  for  example,  reference  (7)),  and  the  difference  between  the  total  and  the 
direct  sound  field  contributions  in  dB,  are  given  in  Table  3.  Here,  it  is 
assumed  that  the  values  of  power  are  spatial  averages.  Note  that  in  Table  3, 
the  constant  component  is  labelled  "direct"  and  the  random  component  is 
labelled  "reverberant",  so  as  to  correspond  with  the  terminology  in  the 
preceding  material. 


Table  3:  Sound  Field  Properties  at  Different  Fractions  of  Reverberation  Radius,  r0 


fraction 
of  r0 

reverberant: 
direct  power 

randomicity 

c  dB 

total  -  constant 
power,  dB 

>r0 

1:0 

1.0000 

5.57 

no  constant  power 

h 

1:1 

0.5000 

4.92 

3.00 

rj  2 

1:4 

0.2000 

2.99 

0.97 

f0/3 

1:9 

0.1000 

2.02 

0.46 

r0/4 

1:16 

0.0588 

1.50 

0.26 

rj  5 

1:25 

0.0385 

1.20 

0.17 

Clearly,  the  closer  the  measurement  position  to  the  sound  source,  the  smaller 
the  spatial  variability.  Also,  the  closer  the  measurement  position  to  the  sound 
source,  the  smaller  the  correction  between  the  mean  of  the  total  noise  level  and 
the  mean  of  the  direct  sound  field  component. 


For  the  purposes  of  obtaining  accurate  measurements,  taking  a  single  sample 
of  sound  pressure  at  a  distance  equal  to  a  large  fraction  of  r0  is  impractical,  as 
such  a  single  sample  is  subject  to  a  large  potential  error  resulting  from  the  high 
standard  deviation  shown  in  the  4th  column  of  Table  3.  A  practical  solution  is 
to  take  a  number  of  measurements  at  locations  separated  by  X/2,  this  distance, 
as  mentioned  earlier,  corresponding  to  independence  of  mean  square  pressures 
for  omni-directional  receivers  in  perfectly  diffuse  fields.  In  air-filled  room 
acoustics,  microphone  traverse  mechanisms  for  spatial  averaging  are  possible, 
however,  for  a  water-filled  test  tank,  this  is  not  feasible  -  averaging  of 
independent  measurements  may  be  the  only  way  to  achieve  spatial  averaging. 
(It  is  conceivable,  for  example,  to  hold  either  the  source  or  the  receiver  in  a 
frame  and  to  move  the  other  vertically  in  the  tank,  thereby  achieving  spatial 
averaging.) 


As  Schroeder  showed  in  reference  (8)  and  mentioned  in  reference  (9),  for 
sound  levels  expressed  in  dB,  in  the  reverberant  field,  the  standard  deviation 
ares  resulting  from  averaging  along  a  straight  line  traverse  is  approximately 
given  by 


o 


res 


5.57 

+  X/0.3A.) 


dB. 


(21) 
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where 


X 

X 


is  length  of  straight  line  traverse  used  for  receiver,  m 
is  wavelength,  m 


Schroeder  also  states  that  the  equivalent  number  of  spatially  independent 
discrete  sampling  points  is  equal  to  the  term  (1  +  X/0.3^)  in  equation  (21). 
Thus  for  N,^  independent  samples  of  sound  pressure  level  in  the  reverberant 
field,  equation  (21)  becomes 


a 


res 


5.57 


dB 


samp 


(22) 


It  is  tempting  to  suggest,  but  not  yet  proven,  that  for  measurements  carried  out 
in  regions  for  which  the  direct  sound  field  contribution  is  significant,  the 
resultant  standard  deviation  ores,  from  N  spatially  independent  samples  of 
sound  pressure  level  in  dB,  is  given  by 


where 


c 


is  given  by  fourth  column  in  Table  3 


(23) 


With  no  other  knowledge,  it  may  be  assumed  that  the  spatial  separation  for 
sample  independence  for  use  of  equation  (23)  is  the  same  as  for  the  fully 
reverberant  field  case,  that  is,  a  separation  distance  of  X/2  between  samples. 

2.8  Averaging  of  Spectral  Variability 

For  a  fixed  source,  the  rms  pressure  received  at  a  fixed  location  in  the 
reverberant  field  in  a  highly  reverberant  chamber,  will  vary  with  frequency. 
The  variability  is  expected  to  be  the  same  as  occurs  with  changing  location  at  a 
fixed  frequency,  that  is,  the  rms  pressure  values  will  be  Rayleigh  distributed. 
This  follows,  as  the  received  level  is,  again,  due  to  the  phase  coherent 
combination  of  a  large  number  of  random  vectors.  Extensive  measurements  of 
this  phenomenon  were  taken  in  the  MOD  Salisbury  test  tank,  and,  while  these 
will  be  described  in  a  future  report,  some  data  will  be  presented  below  to 
illustrate  this  aspect  of  the  tank's  properties  and  confirm  the  requirement  for 
spectral  averaging. 

The  spectral  variability  in  the  MOD  Salisbury  test  tank  was  measured  using  a 
fixed  source  and  a  fixed  hydrophone  receiver,  with  a  very  slowly  varying 
frequency  of  emission  at  a  constant  level  of  output  (SL).  Figure  9  shows  the 
frequency  response  measured  from  1400  to  2600  Hz,  for  a  particular  set  of 
source  and  receiver  locations. 


Each  location  was  at  least  2  m  from  any  boundary  surface  and  from  the  other 
location.  The  received  signal  was  sampled  using  a  16  bit  analog  to  digital 
converter  with  a  maximum  quantisation  error  on  level  of  0.003  dB.  The  curve 
was  produced  using  an  800  line  FFT  in  a  swept  sine  measurement  with  a 
spectral  line  separation  of  1.5625  Hz.  Peak  Hold  (averaging)  was  employed 
over  the  duration  of  the  sweep  (=15  mins);  the  sweep  was  at  a  constant  rate 
versus  time.  Thus  the  signal  was  in  each  filter  band  for  =1.125  seconds.  This 
duration  was  adequate  for  stabilisation  as  it  greatly  exceeded  (by  factor  of  =  4) 
the  measured  reverberation  time,  Tm,  which  is  a  measure  of  the  time  for  the 
multiple  paths  of  transmission  to  sum  together.  Here  we  assume  the  filter 
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Figure  9:  Spectral  variation  of  sound  pressure  measured  in  MOD  Salisbury  test 
tank  with  source  and  receiver  at  fixed  locations:  swept  sine  source 
frequency  1400  -  2600  Hz 
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Figure  10:  Autocorrelation  of  linear  rms  sound  pressure  measured  in  MOD  Salisbury 
test  tank  with  source  and  receiver  at  fixed  locations:  sine  sweep  source 
frequency  1400  -  2600  Hz;  for  0  -  50  Hz  frequency  displacement 


bandwidth  was  be  equal  to  the  spectral  line  separation  as  a  flat  weighted  time 
window  was  used. 

Figure  10  shows  the  normalised  estimate  of  the  autocorrelation  function 
obtained  using  linear,  rms  pressure  data  extracted  from  the  curve  in  Figure  9, 
with  the  e 1  point  indicated.  The  curve  in  Figure  10  is  taken  to  a  frequency 
displacement  of  50  Hz. 
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Figure  11:  Distribution  of  spectral  variation  of  sound  pressure  level  measured  in 
MOD  Salisbury  test  tank  with  source  and  receiver  at  fixed  locations 
(jagged  line),  compared  with  theory  for  Rayleigh  distributed  rms  pressure 
values  (smooth  curve):  sine  sweep  source  frequency  1400  -  2600  Hz 


Figure  11  shows  the  associated  probability  density  function  (pdf)  for  sound 
pressure  level,  using  50  uniform  class  intervals  over  the  range  -30  to  15  dB 
about  the  mean,  compared  with  that  for  Rayleigh  distributed  rms  values  (given 
by  Dyer  (reference  (5))).  The  measurement  pdf  is  based  on  800  data  samples. 

The  results  presented  in  Figure  9  clearly  indicate  that  spectral  variability  is  a 
significant  phenomenon  in  the  MOD  Salisbury  test  tank.  Figure  10  indicates 
that  the  frequency  response  in  the  tank,  in  the  vicinity  of  2  kHz,  is  significantly 
de-correlated  with  a  frequency  shift  of  only  about  9  Hz.  Further,  the  traces  in 
Figure  11  show  that,  for  the  range  1400  -  2600  Hz,  the  spectral  variations  of 
rms  pressure  are  a  good  fit  to  the  Rayleigh  distribution. 


In  practice,  the  use  of  spatial  averaging,  to  arrive  at  a  value  of  sound  pressure 


level,  and  thus  a  value  of  spatially  averaged  mean  square  pressure,  prJ,  for 
use  in  equations  (17)  and  (20),  may  not  be  as  convenient  as  using  averaging 
across  a  band  of  frequencies,  should  this  be  possible.  From  Schroeder  (for 
example,  references  (8)  and  (9)),  the  relation  corresponding  to  equation  (21),  for 
averaging  the  received  sound  pressure  level  in  dB  over  a  band  of  frequencies 
of  bandwidth  W  is  given  by 


o  ~ 


5.57 


f 


dB. 


0.238  T^W 


(24) 


Here,  we  may  also  suggest  a  similar,  but  unproven,  relation  for  the  standard 
deviation  in  dB,  <jres  of  the  frequency-averaged  received  sound  pressure  level  as 
obtained  at  locations  in  the  water-filled  tank  corresponding  with  the  fractions 
of  the  reverberation  radius  rn,  as  indicated  in  Table  3: 
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a 


(25) 


dB, 

+  0.238  TmW 

where  a  is  given  by  fourth  column  in  Table  3 

As  an  example  of  the  effect  of  spectral  averaging,  for  a  reverberation  time  of 
0.15  seconds,  which  is  of  the  order  of  the  actual  value  for  the  MOD  Salisbury 
test  tank  at  some  frequencies,  averaging  over  a  frequency  band  of  85  Hz 
results  in  the  standard  deviation  of  variability,  as  given  by  equation  (25),  being 
approximately  halved.  Averaging  over  650  Hz  results  in  the  standard 
deviation  being  reduced  by  a  factor  of  about  5.  For  measurements  carried  out 
in  the  reverberant  field,  this  will  result  in  a  standard  deviation  of 
5.57/5  -  1.1  dB. 

By  comparing  equations  (24)  and  (22)  and  equations  (25)  and  (23),  we  see  that 
for  sound  pressure  expressed  logarithmically,  the  effect  of  spectrally  averaging 

across  an  additional  bandwidth  of  W  =  is  equivalent  to  spatially 

J60 

averaging  across  one  additional  independent  sample.  Thus,  for  the  MOD 
Salisbury  test  tank,  assuming  a  reverberation  time  of  0.15  seconds,  averaging 
across  85  Hz  is  equivalent  to  averaging  measurements  at  4  positions  each  at 
least  X/2  apart.  Averaging  over  a  bandwidth  of  650  Hz  is  equivalent  to 
averaging  at  24  independent  positions. 


2.9  Lower  Frequency  Limit 

As  mentioned  in  section  2.1,  there  is  a  lower  frequency  limit  for  which  a 
reverberant  acoustical  chamber,  such  as  the  MOD  Salisbury  test  tank,  may  not 
be  used  for  either  direct  field  or  reverberant  field  measurements.  The  reason 
for  this  limit  is  that  the  chamber  alters  the  radiation  impedance  acting  on  a 
sound  source  placed  in  the  chamber,  from  the  value  applying  to  free  field 
conditions.  A  second  reason  (a  direct  cause  of  the  first  reason)  is  the  break¬ 
down  of  the  assumption  of  a  highly  multi-modal  chamber,  which  also  occurs 
at  low  frequencies. 


As  shown  by  Pierce,  for  example,  in  reference  (2),  the  average  modal  density, 
that  is,  the  average  number  of  modes  per  unit  angular  frequency  bandwidth. 


dN  .  .  , 

_ is  given  by 

d  co 


dN  _  1  Vco2  1 

~d^~  2iV  “  2 7i (A/  )mode 


(26) 


where 


to 

(A^  )mode 


is  angular  frequency,  rad/ s 

is  the  average  spacing  between  successive  room 
resonance  frequencies,  in  Hz. 


From  Pierce,  for  example,  the  bandwidth  of  a  resonance  peak,  (A/  )res,  defined 
as  the  frequency  band  which  encloses  the  points  on  the  spectrum  at  which  the 
sound  intensity  is  half  the  peak  value,  is  given  by 
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20 


(27) 
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2.20 


60 


Hz. 


When  the  chamber  resonances  are  spaced  more  closely  than  the  bandwidth 
associated  with  any  particular  peak,  each  resonance  itself  has  a  less  noticeable 
effect  on  the  frequency  response  function  of  the  chamber.  For  average  spacing 

between  peaks  (A/  )mode  being  less  than  1  (A/ )  ,  the  resonance  peaks  are 

assumed  (reference  (2))  to  be  smoothed-out.  The  frequency  below  which  this 
no  longer  holds  is  regarded,  somewhat  arbitrarily,  as  the  lower  frequency  limit 
for  the  applicability  of  much  of  the  above  room  acoustics  theory.  In  honour  of 
M.  R.  Schroeder,  this  frequency  is  known  as  the  Schroeder  cutoff  frequency, 
fSch,  and  thus  follows  as 


fsch 


:3  T, 


60 


4  V  In  10 


Hz. 


(28) 


For  the  dimensions  of  the  MOD  Salisbury  test  tank  given  in  Figures  1  and  2, 
the  chamber  volume,  being  the  volume  of  water  in  the  tank,  is  approximately 
200  m3.  For  a  reverberation  time  of  0.15  seconds,  from  equation  (28),  the 
Schroeder  cutoff  frequency,  being  the  lower  limiting  frequency  for  the  use  of 
the  MOD  Salisbury  test  tank  as  a  reverberant  chamber,  is  approximately 
510  Hz. 


2.10  Upper  Frequency  Limit 

The  analysis  presented  above  for  reverberant  chambers  is  valid  so  long  as  the 
absorption  of  sound  within  the  chamber  is  entirely  from  incidence  upon  the 
chamber  boundaries.  This  is  perfectly  true  at  low  frequencies,  but  at  very  high 
frequencies  absorption  occurs  within  the  fluid.  As  shown,  for  example,  in 
chapter  7  of  reference  (4)  the  absorption  is  dependent  upon  the  square  of  the 
frequency  and  the  properties  of  the  fluid.  Thus,  an  upper  frequency  limit  may 
be  specified  above  which  the  absorption  within  the  fluid  becomes  significant. 
At  higher  frequencies  a  chamber  may  no  longer  be  assumed  to  be  "reverberant" 
and  used  as  shown  above. 


From  reference  (4),  the  absorption,  a,  within  a  fluid  caused  by  shear  and  bulk 
viscosity  is  given  by 


a  = 


8  ft2/2 

3  p  c3 


*1  +  v1!) 


(29) 


where 


a  is  pressure  amplitude  absorption  coefficient,  nepers /m  (at 
—  m  distance,  the  pressure  amplitude  has  dropped  to  A  of  its 
initial  value) 

/  is  frequency,  Hz 

T|  is  coefficient  of  shear  viscosity.  Pa  •  s 

r|B  is  coefficient  of  bulk  viscosity.  Pa  •  s 


Note  that  equation  (29)  is  relevant  for  fresh  water,  but  not  for  sea  water,  for 
which  additional  absorption  mechanisms  exist  (e.g.  reference  (4)). 
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A  more  convenient  measure  of  absorption  is  a,  the  spatial  rate  of  decrease  in 
intensity  level  expressed  as  dB/m.  As  shown,  for  example,  in  section  7.2  o 

reference  (4),  a  =  20(log10e)a  =  8.69  a.  Thus  we  have 


229  . 

a  =  - L-  (T1 

P  c3 


X 


(30) 


where  a  is  intensity  absorption  coefficient,  dB/m 


This  absorption  per  unit  distance,  a,  may  now  used  to  compare  the  absorption 
occurring  within  the  fluid  to  the  absorption  provided  by  the  boundary  surfaces 
of  the  chamber.  Here,  the  link  is  the  reverberation  time,  T&  as  shown  below. 


In  a  reverberant  chamber,  the  permissible  amount  of  absorption  within  the 
fluid  may  be  specified  as  some  proportion  of  the  total  absorption.  For 
example,  one  may  specify  the  maximum  desired  fluid  absorption,  x  dB,  which 
may  occur  within  the  time  for  the  boundary  surfaces  to  provide  60  dB 
absorption.  But,  by  definition,  60  dB  absorption  is  provided  by  the  boundary 
surfaces  in  the  time  known  as  the  reverberation  time,  T^.  Further,  Tm  is  the 
time  for  sound  to  travel  c  metres.  Thus,  a  x  c  dB  absorption  occurs 
within  the  fluid  in  the  time  that  the  boundary  surfaces  provide  60  dB 
absorption.  By  substituting  for  a  from  equation  (30),  we  then  have  the 
maximum  desired  fluid  absorption  x  dB.  By  re-arranging  terms,  we  may 
arrive  at  the  following  frequency  requirement  for  a  fluid  absorption  of  less 
than  x  dB  within  the  reverberation  time  for  a  chamber: 


/< 


p  czx 


(31) 


229  h  +  X 


where 


is  maximum  permissible  absorption  within  the  fluid,  dB 


For  the  MOD  Salisbury  test  tank,  for  a  maximum  fluid  absorption  of  1  dB 
within  the  reverberation  time  (assumed  to  be  0.15  seconds),  using  values  of 
density,  sound  velocity  and  shear  viscosity  for  fresh  water  of  998  kg/m, 
1481  m/s  and  0.001  Pa- s,  respectively  (appendix  10  reference  (4)),  and 
assuming  that  the  bulk  viscosity  is  2.81  times  the  shear  viscosity  (e.g. 
reference  (10)),  the  maximum  frequency  for  the  use  of  the  chamber  is  143  kHz. 


3.  Measurements  and  Estimation  of  Acoustical 
Properties  of  MOD  Salisbury  Test  Tank 

The  following  sections  present  the  results  of  investigations  of  the  acoustical 
properties  of  the  MOD  Salisbury  test  tank,  determined  by  both  measurements 
and  estimations.  The  purpose  of  this  work  was  to  study  the  acoustical 
properties  of  the  MOD  Salisbury  test  tank  with  reference  to  the  theoretical 
descriptions  of  section  2.  In  particular,  it  was  considered  desirable  to  study  the 
relationship  between  the  measured  reverberation  time  and  the  reflective  nature 
of  the  chamber  boundary  surfaces.  This  was  done,  as  the  theoretical 
description  of  the  chamber  properties  in  section  2  showed  that  all  dependent 
properties  are  related  to  the  chamber  reverberation  time.  A  further  purpose  of 
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this  work  was  to  see  how  accurately  the  reverberation  time,  and  hence 
chamber  properties  might  be  estimated  from  a  description  of  the  structural 
features  of  the  chamber  and  its  boundaries. 

The  estimation  of  the  absorptive  properties  of  the  MOD  test  tank  was  preceded 
by  measurements  of  the  sound  reflective  properties  of  the  concrete  walls  of  the 
tank.  The  effect  of  these  properties  on  the  taking  of  accurate  measurements  in 
the  tank  is  considered. 

3.1  Water-Wall  Pressure  Amplitude  Reflection  Coefficient 
Measurements 

The  normal  incidence  pressure  amplitude  reflection  coefficient  of  the  tank  wall 
(water  to  concrete  interface),  Ra,a„,  was  measured  at  the  following  frequencies: 
1000,  2000,  4000  and  8000  Hz.  The  method  used  was  one  that  relied  on 
measuring  the  amplitude  of  a  tone  burst  both  before  and  after  normal 
incidence  upon  a  section  of  the  tank  wall.  By  accounting  for  the  spreading 
losses  of  the  reflected  pulse  due  to  the  geometry  of  the  tank,  the  pressure 
reflection  coefficient  was  determined,  based  on  the  total  observed  decrease  in 
pulse  intensity. 

It  must  be  stated  that  these  measurements  were  carried  out  in  the  assumption 
that  the  tank  walls  were  locally  reactive,  rather  than  modally  reactive.  In  other 
words,  it  was  assumed  that  an  incident  plane  wave  was  reflected  as  a  plane 
wave,  rather  than  being  diffracted  upon  reflection.  Also,  in  later 
determinations  of  the  average  chamber  sound  power  absorption  coefficient,  it 
was  assumed  that  the  pressure  amplitude  reflection  coefficient  was  not 
dependent  upon  the  angle  of  incidence. 

3.1.1  using  the  elliptical  geometry  of  the  tank 

The  technique  involved  generating  a  tone  burst  which  propagated  past  a 
hydrophone,  continued  onto  the  tank  wall  and  was  reflected  back  to  the 
hydrophone.  The  normal  incidence  pressure  amplitude  reflection  coefficient 
Rwall  was  determined  by  comparing  the  amplitude  of  the  signal  before  reflection 
Pdirect  to  that  of  the  reflected  signal  PrefIect,  measured  at  the  hydrophone.  The 
resultant  amplitude  ratio  had  to  be  normalised  to  account  for  the  spreading 
loss  of  the  signal.  The  spreading  loss  was,  in  turn,  dependant  on  the 
directivity  of  the  acoustic  projector  used  and  the  geometry  of  the  tank  wall. 
For  this  work,  specular  reflection  of  the  sound  was  assumed. 

For  these  tests,  as  shown  in  Figures  1  and  2,  the  acoustic  projector  was  located 
at  one  of  the  focal  points  of  the  ellipse,  as  viewed  from  above,  and  near  mid¬ 
depth  in  the  tank.  The  directivity  of  the  projector  was  assumed  to  be  spherical. 
Thus  the  tone  burst  emitted  by  the  projector  was  assumed  to  spread 
spherically  until  the  tank  wall  was  reached.  As  the  tank  wall  is  flat  when 
viewed  in  the  vertical  plane,  from  this  view-point  the  radiation  appeared  to 
continue  to  spread  spherically  after  reflection,  as  shown  in  Figure  1.  However, 
when  viewed  in  the  horizontal  plane,  as  the  projector  was  located  at  one  of  the 
focal  points  of  the  ellipse,  all  ray  paths  were  reflected  back  to  the  second  focal 
point,  as  shown  in  Figure  2.  The  result  of  this  geometrical  arrangement  was 
for  the  pulse  to  spread  spherically  until  incidence  with  the  tank  wall,  and  for 
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the  reflection  from  the  wall  to  focus  to  a  vertical  line  at  the  second  focal  point 
of  the  ellipse.  For  measurement  purposes,  a  hydrophone  was  placed  so  that  it 
received  a  direct  signal  (tone  burst)  followed  by  the  return  signal,  as  shown  in 
Figure  12. 


TANK 

WALL 


Figure  12:  Experimental  Setup  in  Plan  View  &  Typical 
Output  Signal,  MOD  Salisbury  Test  Tank 


The  amplitude  ratio  ..  d,re:t  expected  at  the  hydrophone  position  for  a  normal 

^ reflect 

incidence  pressure  amplitude  reflection  coefficient  of  1.0  was  predicted  as 
follows: 

The  incident,  or  direct,  signal  spread  spherically  until  it  reached  the  wall 
whereupon,  in  the  vertical  plane  it  continued  as  if  spreading  spherically,  whilst 
in  the  horizontal  plane  it  converged  to  F2  (refer  Figure  2).  During  the  initial 
spherical  spreading  stage,  the  sound  intensity  decreased  in  inverse  proportion 
to  the  square  of  the  distance  from  the  projector  and  the  pressure  amplitude 
decreased  in  inverse  proportion  to  the  distance  from  the  projector.  However, 
following  the  reflection,  the  spreading  relationship  changed  and  was  no  longer 
simply  spherical,  due  to  the  convergence  as  viewed  from  the  horizontal  plane. 

As  shown  in  Figure  13,  the  sound  intensity  of  the  signal  before  and  after 
reflection  from  the  tank  walls  may  be  depicted  as  being  proportional  to  the 
area  bounded  by  acoustic  ray  paths.  For  spherical  spreading,  the  dimensions 
are  proportional  to  the  distance  from  the  projector.  At  any  point  along  the  ray 
paths,  the  acoustic  pressure  amplitude  is  proportional  to  the  square-root  of  the 
area  enclosed  by  the  rays. 

Figure  13  portrays  the  direct  signal  intensity  as  it  passed  the  hydrophone  at  a 
distance  of  200  mm  by  the  small  square.  This  square  has  dimensions 
200x  mm  x  200x  mm,  where  x  is  a  constant  of  proportionality.  At  the  wall, 
the  same  sound  energy  was  projected  onto  a  larger  area,  with  dimensions 
1500*  mm  x  1500*  mm.  On  reflection,  the  signal  continued  spreading  in  the 
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Figure  13:  Sound  Intensity  Area  Ratios 


vertical  plane  in  proportion  to  the  total  distance  travelled  from  the  source. 
Thus  the  vertical  separation  of  the  reflected  rays  at  the  hydrophone  position 
was  1500x  +  1300x  =  2800x  mm.  In  the  horizontal  plane,  the  reflected  signal 
converged  to  the  second  focal  point  of  the  ellipse  and  hence  the  horizontal  ray 
separation  was  a  function  of  the  distance  from  the  hydrophone  to  location  F2 
and  the  distance  from  the  wall  to  location  F2  -  that  is,  the  horizontal  dimension 
was  1500*  x  (4700/6000)  =  1175x  mm  (refer  Figure  2). 

Thus  the  pressure  amplitude  ratio  measured  at  the  hydrophone,  for  a  pressure 
amplitude  reflection  coefficient  of  1.0  follows  as: 
direct  signal  area  at  the  hydrophone  =  0.2x  x  0.2x, 

direct  ~  =  02X  m' 

reflected  signal  area  at  the  hydrophone  =  2.800x  x  1.175x, 


P reflect  ~  f^reU  =  1-8138X  m, 

pressure  amplitude  ratio  for  a  reflection  coefficient  of  1.0  follows  as 

^ direct  _  1.8138  „  g  QJ 


3.1.2  reflection  coefficient  measurements 

The  pressure  amplitude  ratio  of  the  direct  and  reflected  signals  at  the 
hydrophone  was  measured,  so  that  the  pressure  amplitude  reflection  coefficient 
of  the  water  to  wall  interface  might  be  determined.  For  example,  a  pressure 
amplitude  ratio  of  11.27  for  a  4  kHz  tone  of  one  cycle  duration  was  measured, 
as  shown  in  Figure  14.  For  two  reasons,  a  pulse  of  one  cycle,  only,  was  used 
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Figure  14:  Hydrophone  Output  At  4kHz,  MOD  Salisbury 

Test  Tank 


at  each  of  the  frequencies,  to  limit  the  signal  duration:  firstly,  this  ensured 
separation  of  the  wall  reflection  from  the  surface  and  bottom  reflections  at 
lower  frequencies  for  which  longer  pulse  durations  applied;  secondly,  as  the 
geometry  of  the  tank  walls  might  not  necessarily  be  as  perfect  as  indicated  by 
Figures  1  and  2,  there  was  some  chance  of  irregular  reflections  combining  in 
incorrect  phase  relation.  In  performing  the  measurements,  no  distortion  effects 
were  observed  to  be  caused  by  the  projector  transients. 

The  normal  incidence  pressure  amplitude  reflection  coefficient,  Rmll,  was  found 
as  described  above.  For  example,: 

measured  normal  incidence  pressure  amplitude  reflection  coefficient  at 
9  07 

4  kHz  =  _  -  0.80. 

11.27 

Table  4  shows  the  values  of  normal  incidence  pressure  amplitude  reflection 
coefficient  for  each  of  the  frequencies  investigated.  No  attempt  has  been  made 
to  check  the  variation  of  these  measurements  with  the  time  of  year.  It  might 
be  expected  that  the  ground  properties,  and  thus  the  acoustic  reflective 
properties  of  the  tank  wall,  may  be  dependent  upon  the  recent  history  of 
rainfall. 

Table  4:  Measurements  of  Normal  Incidence  Pressure  Amplitude  Reflection 
Coefficient,  R,Ml„  MOD  Salisbury  Test  Tank 


Frequency 

1000  Hz 

2000  Hz 

4000  Hz 

8000  Hz 

Rwall 

0.66 

0.73 

0.80 

0.79 

3.2  Water-Air  Pressure  Amplitude  Reflection  Coefficient 
Estimation 

The  MOD  Salisbury  test  tank  has,  of  course,  a  large  part  of  its  surface  area 
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existing  as  a  water-air  interface,  at  the  water  surface.  Whilst  a  normal 
incidence  pressure  amplitude  reflection  coefficient  near  to  -  1.0  may  be 
assumed  for  this  surface,  it  was  considered  desirable  to  determine  this  value 
with  more  precision. 


water 

pi  =  998  kgm"3 
Cj  =  1481  ms1 

kx=(a/c i,  pjC 


air 

p2  =  1.21  kg-m'3 
c2  =  343  ms"1 

/C2— ( 0/ C2,  p2^2 


incident  wave 
reflected  wave 


transmitted  wave 


Vt 


Figure  15:  Water  -  Air  Interface 


Consider  the  boundary  shown  in  Figure  15  (appendix  10,  reference  (4)).  Here, 
the  instantaneous  acoustic  particle  velocities,  u,  and  pressures,  p,  at  angular 
frequency  co,  may  be  expressed  in  terms  of  incident,  reflected  and  transmitted 
waves  of  pressure  amplitude  Ap  B3  and  A2  respectively  (for  example,  see 
reference  (4)  section  6.2)  as: 


u. 

t 


Pi 

Pici  ' 


Pi 


V 


;(co(  -  *,x) 


(32) 


u  = 


Vr 


V 


Vr 

Prci 

Vt  , 

ut  =  -  ,  pt  =  A2e 

P2C2 


/(tof  +  ktx) 


/(of  -  k2x) 


At  the  interface,  there  is  continuity  of  pressure: 

Pi  +  pT  =  pt  at  the  boundary  (x  =  0),  .\  Ax  +  Bx  =  A2. 


(33) 

(34) 


At  the  interface,  there  is  continuity  of  particle  velocity: 

Uj  +  ur  =  ut  at  the  boundary  (x  =  0), 


B, 


PlC! 


P2C: 


2  2 


A1  ~  B1 

PlCl 


P2C2 


Resolving  for  B,  and  Ax  ... 

^  =  P ^  ~  PlCl 
P2C2  +  PlCl  ’ 

where  Bl/Al  is  the  required  pressure  amplitude  reflection  coefficient,  Rair. 


(35) 


(36) 


For  the  water  to  air  interface  in  this  experiment,  this  results  in  a  pressure 
amplitude  reflection  coefficient  Rair  of  -  0.9994  for  normal  incidence  at  the 
surface. 


27 


3.3  Estimation  of  Tank  Sound  Power  Absorption  Coefficient 

In  order  to  determine  the  sound  power  (or  SL)  of  a  sound  source  using  either 
the  direct  field  method,  with  equation  (16)  (and  (18)),  or  the  reverberant  field 
method  with  equation  (17)  (and  (20)),  an  estimate  must  be  made  of  the  overall 

sound  absorption  coefficient  for  the  water-filled  test  tank,  oc.  Once  the  normal 
incidence  pressure  amplitude  reflection  coefficient  for  each  particular  different 

boundary  surface  of  the  test  tank  is  known,  the  term  a  may  be  evaluated 
using  equation  (7).  Then  the  reverberation  time  T6 0  may  be  found  using 
equation  (8),  the  radius  of  reverberation  r0  from  equation  (14),  the  room 
constant  Rrc  from  equation  (11)  and  hence  the  sound  power  may  be 
determined. 

For  the  MOD  Salisbury  test  tank,  the  weighted  average  sound  power 

absorption  coefficient  a  is  thus  calculated  using  the  water  to  wall  and  the 
water  to  air  sound  power  absorption  coefficients  awall  and  aair,  respectively,  by 
weighting  these  values  according  to  their  associated  tank  surface  areas.  These 
values,  in  turn,  may  be  obtained  directly  from  the  measured  pressure 
amplitude  reflection  coefficient  values,  as: 

6  =  I R  |2,  B  =  \R  .  I2,  where  the  sound  power  reflection  coefficients  $wall 

and  Pflir  are  proportional  to  the  square  of  the  pressure  amplitude  coefficients 
(for  example,  reference  (4),  section  6.1).  Assuming  $wan  +  CLwaIl  =  1,  PflI>  + 
=  l,  (energy  balance  at  the  interface),  the  sound  power  absorption 
coefficients  a^,,  and  aair  may  be  found  directly. 

The  sound  power  absorption  coefficient  for  the  water  to  wall  interface  is  thus 
obtained  from  the  values  of  normal  incidence  pressure  amplitude  reflection 
coefficient  from  Table  4,  and  is  shown  in  Table  5. 


Table  5:  Wall  Reflection  and  Absorption  Coefficients,  MOD  Salisbury  Test  Tank 


Frequency 

pressure  amplitude 
reflection 
coefficient  R^,, 

sound  power 
reflection 
coefficient 

PlMl/f 

sound  power 
absorption 
coefficient  a^n 

1000  Hz 

0.66 

0.44 

0.56 

2000  Hz 

0.73 

0.53 

0.47 

4000  Hz 

0.80 

0.64 

0.36 

8000  Hz 

0.79 

0.62 

0.38 

The  sound  power  absorption  coefficient  at  the  water  to  air  interface,  o.mr, 
follows  from  the  calculated  pressure  amplitude  reflection  coefficient  Rair 
determined  in  section  3.2.  This  value  is  therefore: 

a.r  =  1  -  ( -0.9994)2  =  0.0012. 

Now,  the  weighted  average  absorption  coefficient,  a,  is  given  by  equation  (7), 
reproduced  here  for  clarity: 
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a  = 


E  a,  A 

i 

— —  ’ 

where  A1  =  area  of  water  to  wall  interface  for  tank  =  160  m2,  A2  =  area  of 
water  to  air  interface  for  tank  ~  35.3  m2,  =  ctwall  values  given  in 

Table  5,  ot2  =  aair,  and  A  =  A1  +  A2  ~  195  m2. 

For  the  MOD  Salisbury  test  tank,  the  estimated  average  sound  power 
absorption  coefficient  for  each  of  the  frequencies  considered  is  thus  given  in 
Table  6. 

Table  6:  Estimated  Average  Sound  Absorption  Coefficients  for  MOD  Salisbury  Test 

Tank 


Frequency 

1000  Hz 

2000  Hz 

4000  Hz 

8000  Hz 

a 

0.46 

0.39 

0.30 

0.31 

The  values  of  average  sound  power  absorption  shown  in  Table  6  correspond 
with  a  rating  of  either  "dead"  or  "medium-dead"  according  to  Figure  9.4  of 
reference  (1).  Measurements  of  both  spatial  and  spectral  variability  carried  out 
in  the  MOD  Salisbury  test  tank,  do,  however,  indicate  that  this  chamber  has 
sufficiently  reverberant  characteristics  to  be  used  for  measurement  purposes. 
That  is,  at  measurement  distances  greater  than  the  reverberation  radius,  the 
pressure  amplitude  was  shown  to  follow  the  Rayleigh  distribution. 

3.4  Estimated  Reverberation  Times 


The  reverberation  time  is  defined  here  as  the  time  required  for  the  ensemble 
sound  energy  density  within  the  tank  to  decay  60  dB  from  it's  original  value, 
after  the  sound  source  has  been  turned  off  at  t  =  0  seconds.  This  decay  time  is 
given  by  equation  (8),  reproduced  here  for  clarity: 


0.0373  V 

E«,  A 


i 


where  V  is  volume  of  water  in  tank  ~  200  m3. 


For  the  MOD  Salisbury  test  tank,  the  values  of  reverberation  time  estimated 
using  this  procedure,  whilst  using  the  values  of  sound  absorption  and  area  for 
the  wall  and  air  interface  segments  indicated  in  section  3.3,  are  as  shown  in 
Table  7. 


Table  7:  Estimated  Reverberation  Times  for  MOD  Salisbury  Test  Tank,  T60  (ms) 


Frequency 

1000  Hz 

2000  Hz 

4000  Hz 

8000  Hz 

T6 o  ms 

83 

99 

129 

123 
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3.5  Measured  Reverberation  Times 

The  reverberation  time  was  measured  by  abruptly  stopping  the  output  from 
a  sound  projector  and  recording  the  decay  of  acoustic  pressure  with  a 
hydrophone  placed  at  least  Vi X  from  any  surface  (e.g.  section  6.4  of 
reference  (1)).  A  sample  of  such  a  measurement  of  the  instantaneous  pressure 
decay  recorded  for  a  pure  tone  of  1  kHz  is  shown  in  Figure  16.  Here,  the  tank 
was  insonified  for  400  ms  before  sampling  began,  after  which  the  projector  was 
stopped  at  t  =  0  seconds.  The  decay  shown  in  Figure  16  indicates  the  presence 
of  many  chamber  modes  and  the  associated  phase  cancelling  causing  the 
amplitude  modulation. 


Figure  16:  Reverberant  decay  of  instantaneous  pressure  at 
fixed  receiver  in  MOD  Salisbury  Test  Tank  @  1  kHz 


Ideally,  one  desires  a  decay  curve  giving  the  average  acoustic  energy  density 
or  the  volume  average  of  squared  pressure  versus  time  following  source 
switch-off.  This  volume  average  can  be  approximated  by  the  running  time 
averages  of  many  hydrophones  spaced  for  independence  (at  least  X/2  apart) 
throughout  the  tank.  However,  the  test  equipment  was  limited  to  only  one 
receiver,  and  so  several  decays  were  recorded  digitally  at  different  times  and 
locations  within  the  tank  whilst  maintaining  the  same  source  position  and 
output  settings.  These  recordings  of  instantaneous  pressure  were  then  squared 
and  averaged.  To  reduce  the  erratic  nature  of  the  decay  curves,  the  data  was 
integrated  in  time  using  the  following  integral  (reference  (11)): 

10  loSio 

where  is  any  arbitrarily  chosen  constant 

This  function  is  more  representative  of  the  decay  of  the  total  sound  energy  in 
the  tank  because  the  deviations  of  pf(t)  from  its  long  term  trend  are  not  viewed 
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REVERBERANT  DECAY  OF  MEAN- SQUARE  PRESSURE  @  1kHz 


Take  slope  as  -385dB/sec, 
therefore  T ( 60 )  is  156  milliseconds. 


Time,  seconds 


REVERBERANT  DECAY  OF  MEAN-SQUARE  PRESSURE  @  2kHz 


Take  slope  as  -180dB/sec, 
therefore  T(60)  is  334  milliseconds 


Time,  seconds 


Figure  17:  MOD  Salisbury  test  tank  reverberant  decay  curves  integrated  in  time:  (a) 
at  source  frequency  1  kHz,  (b)  2  kHz.  The  measured  decay  curves  are 
depicted  by  dashed  lines.  The  dotted  lines  are  an  estimate  of  a  uniform 
decay  rate  for  use  in  the  analysis. 


in  isolation  and  have  the  appearance  of  being  averaged  out  over  the  duration 
of  the  decay.  The  slope  of  this  curve  gives  the  decay  rate  in  decibels  per 
second  and  is  equal  to  60 /Tm.  Figures  17  and  18  show  the  curves  from 
equation  (37)  at  each  frequency,  using  five  recordings  of  instantaneous 
pressure  to  obtain  an  average  decay  curve  before  integrating.  Here,  the  tank 
was  insonified  with  pure  tone  signal  for  a  period  not  less  than  two  seconds 
before  source  switch-off.  (Note  that  the  trace  shown  in  Figure  16  was  not  from 
the  same  particular  series  of  measurements.) 

The  data  for  Figures  17  and  18  was  acquired  at  the  rate  of  125,000  samples  per 
second  over  a  period  of  160  milliseconds,  which  is  also  the  period  over  which 
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C.  REVERBERANT  DECAY  OF  MEAN- SQUARE  PRESSURE  @  4kHz 
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D.  REVERBERANT  DECAY  OF  MEAN-SQUARE  PRESSURE  9  8kHz 
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Figure  18:  MOD  Salisbury  test  tank  reverberant  decay  curves  integrated  in  time:  (c) 
at  source  frequency  4  kHz,  (d)  8  kHz.  The  measured  decay  curves  are 
depicted  by  dashed  lines.  The  dotted  lines  are  an  estimate  of  a  uniform 
decay  rate  for  use  in  the  analysis. 


equation  (37)  was  integrated.  As  the  sound  pressure  level  did  not  decay  to 
zero  over  this  integration  period  due  to  the  ambient  noise  floor,  all  the  curves 
in  Figures  17  and  18  exhibit  a  drooping  tail  which  is  characteristic  of 
equation  (37)  being  treated  as  a  finite  integral.  In  Figure  18  (d),  the  reverberant 
sound  at  8  kHz  quickly  decayed  into  the  noise  floor.  Thus  the  curve  appears 
to  be  composed  of  two  slopes.  The  reverberation  time  obtained  using  this 
procedure,  for  each  of  the  frequencies  studied,  is  shown  in  Table  8,  together 
with  the  respective  estimated  value  taken  from  Table  7. 
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Table  8:  Measured  &  Estimated  Reverberation  Times,  T60,  for  MOD  Salisbury  Test 

Tank  (ms) 


Frequency 

1000  Hz 

2000  Hz 

4000  Hz 

8000  Hz 

Estimated  TM 

83 

99 

129 

123 

Measured  Tm 

156 

334 

214 

97 

Clearly,  from  Table  8,  the  values  of  reverberation  time  estimated  from  the 
assumed  normal  incidence  pressure  amplitude  reflection  coefficients  are  of  the 
order  of  those  measured  directly,  whilst  not  being  identical. 

In  practice,  the  measurement  of  reverberation  time  may  be  facilitated  by  the 
use  of  spectral  averaging,  as  this  may  achieve  the  same  result  as  spatial 
averaging,  as  described  in  section  2.8.  A  single  hydrophone  at  a  fixed  location 
may  thus  be  used  in  such  a  measurement  procedure.  Knowledge  of  the 
bandwidth  over  which  the  averaging  must  occur  does,  of  course,  need  the 
reverberation  time  as  an  input.  In  practice,  once  the  order  of  magnitude  of  the 
reverberation  time  is  known  from  an  initial  pure  tone-based  measurement,  the 
required  bandwidth  W  which  gives  the  desired  averaging  may  be  found  from 
equation  (24).  Using  the  procedure  described  in  section  2.8,  it  may  be  shown 
that  spectrally  averaging  across  a  bandwidth  of  about  110  Hz  is  equivalent  to 
spatially  averaging  the  reverberation  decay  curves  at  5  independent  positions, 
for  a  reverberation  time  of  0.15  seconds. 

Measurements  of  the  reverberation  time  must,  of  course,  be  made  in  the 
reverberant  field  of  the  test  chamber,  that  is,  at  greater  distances  from  the 
insonifying  source  than  the  radius  of  reverberation,  r0.  Again,  the 
determination  of  this  distance  is  dependent  upon  the  knowledge  of  the 
reverberation  time,  T^,  as  shown  by  equation  (15).  Some  trial  and  error  may 
thus  be  required  before  the  extent  of  the  reverberant  field  is  known.  In 
measurements  of  reverberation  time,  the  sound  projector  must  function  for  a 
duration  at  least  several  times  the  reverberation  time,  to  ensure  full 
insonification.  This  follows  from  the  complementary  nature  of  sound  build-up 
and  decay  in  a  reverberant  chamber,  which  has  been  shown  to  exist  by 
Schroeder  in  reference  (12). 

3.6  Reverberation  Radius  Determined  from  Measurements 

If  the  MOD  Salisbury  test  tank  is  to  be  used  as  a  means  of  determining  the 
sound  power  of  acoustic  sources,  then  the  distance  from  a  sound  source  at 
which  the  energy  density  from  the  direct  field  becomes  equal  to,  and 
ultimately  less  than,  that  of  the  reverberant  field  must  be  known.  Direct  field 
measurements  of  sound  pressure  may  then  be  taken  within  this  distance, 
known  as  the  reverberation  radius  r0,  this  being  determined  by  equations  (14) 
or  (15)  in  section  2.4.  Alternatively,  reverberant  field  measurements  may  be 
taken  at  greater  distances  from  the  source  than  r0. 

Now,  using  the  measured  values  for  the  reverberation  time  listed  in  Table  8, 
the  effective  average  sound  power  absorption  coefficient,  ae,  may  be 
determined  using  a  re-arranged  version  of  the  Sabine  equation,  equation  (8),  as 
follows: 


where 


a  = 


0.0373  V 


(38) 


a  is  effective  absorption  coefficient  derived  from  measured 
reverberation  times 

V  is  volume  of  water  in  tank,  200  m3 
A  is  total  surface  area  of  tank  boundaries,  195  m2 


The  value  of  a  was  determined  using  equation  (38)  for  each  of  the  frequencies 
studied,  using  the  measured  reverberation  time  from  Table  8  as  input.  Each 
derived  values  is  shown  in  Table  9,  together  with  the  respective  estimated 

value  a  taken  from  Table  6. 

Table  9:  Effective  &  Estimated  Sound  Absorption  Coefficients  for  MOD  Salisbury 

Test  Tank 


Frequency 

1000  Hz 

2000  Hz 

4000  Hz 

8000  Hz 

estimated  a 

0.46 

0.39 

0.30 

0.31 

effective  a 

e 

0.25 

0.12 

0.18 

0.41 

Clearly,  the  effective  values  shown  in  Table  9  are  smaller  than  the  estimated 
values,  at  all  but  the  highest  frequency.  The  MOD  Salisbury  test  tank  was  thus 
more  highly  reverberant  than  expected  at  frequencies  up  to  4000  Hz.  At 
8000  Hz,  the  tank  was  found  to  be  less  reverberant  than  expected.  The 
effective  values  of  average  sound  power  absorption,  ae,  shown  in  Table  9 
correspond  with  the  following  ratings,  according  to  Figure  9.4  of  reference  (1): 
"medium-dead"  (1000  Hz),  "medium-live  to  average"  (2000  Hz),  "average  to 
medium-dead"  (4000  Hz),  "dead"  (8000  Hz). 

In  room  acoustics,  when  the  term  ae  is  determined  from  measurements,  it  is 
the  usual  practice  (for  example,  reference  (2))  for  the  room  constant  to  be 
simplified  as  Rrc  =  ae  A,  due  to  the  expectation  of  errors  in  measurement  and  a 
consequent  lack  of  precision.  Using  equation  (8),  and  substituting  cte  A  in  place 
°f  £  a.  A.,  we  arrive  at  the  following  expression  for  the  reverberation  radius, 

based  on  equation  (14)  (note  the  similarity  with  the  more  precise 
equation  (15)): 

0-0373  V  Q0  (39) 

T°~\  16  nTa 

Table  10  lists  the  reverberation  radius  values  obtained  using  the  measured 
reverberation  times  of  Table  8  in  equation  (39),  and  shows  the  values  obtained 
with  the  more  precise  equation  (15).  Note  that  these  values  of  reverberation 
radius  have  been  determined  for  an  omnidirectional  sound  source,  for  which 
Qe  has  the  value  1.0. 


1 

1 
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Table  10:  Reverberation  Radius,  r0,  Based  on  Measured  Reverberation  Time,  MOD 
Salisbury  Test  Tank  (for  omnidirectional  sound  sources) 


Frequency 

1000  Hz 

2000  Hz 

4000  Hz 

8000  Hz 

r0  (metres),  from 
equation  (39) 

0.98 

0.67 

0.83 

1.24 

r0  (metres),  from  precise 
equation  (15) 

1.12 

0.71 

0.92 

1.59 

From  the  values  shown  in  Table  10,  the  reverberation  radius  determined  by  the 
approximate  method,  equation  (39),  is  not  greatly  different  to  that  obtained 
with  the  more  precise  equation  (15).  In  general,  equation  (39)  underestimates 
the  value.  Clearly,  based  on  this  determination  of  reverberation  radius, 
measurements  of  the  sound  pressure  emitted  by  a  source  may  be  obtained  in 
the  direct  field  dominated  region  of  the  MOD  Salisbury  test  tank  at  most 
frequencies  of  interest.  A  problem  arises  if  a  source  dimension  is  larger  than 
this  distance,  or  if  the  reverberation  radius  is  within  the  zone  near  the  source 
for  which  near  field  interference  effects  occur.  For  point  sources,  such  as  a 
piston-type  projector,  this  will  not  be  a  problem.  For  piston  sources,  it  is  true 
that  measurements  within  the  reverberation  radius,  for  some  frequencies,  may 
be  within  the  zone  near  the  source  for  which  the  sound  pressure  is  not  in 
phase  with  the  particle  velocity.  This  is  often,  mistakenly,  considered  to  be  a 
region  in  which  sound  pressure  measurements  for  the  determination  of  the 
sound  power  of  the  source  may  not  be  made,  however,  in  this  region  the 
sound  pressure  from  the  direct  field  varies  linearly  in  proportion  to  the 
reciprocal  of  the  distance  from  the  source,  right  up  to  the  vibrating  surface  of 
the  source  in  the  case  of  a  spherical  radiator,  and  so  measurements  may,  in 
fact,  be  taken. 

In  practice,  if  equation  (16)  is  used  to  determine  the  sound  power  of  a  source 
by  taking  measurements  in  the  direct  field,  some  kind  of  spatial  or  frequency 
averaging,  as  described  in  sections  2.5.1  and  2.5.2,  respectively,  may  be 
necessary.  Also,  the  relevant  power  correction  factor,  listed  in  the  fifth  column 
of  Table  3  must  be  applied. 

3.7  Effect  of  Changing  Absorption  of  Tank  Walls 
3.7.1  increasing  absorption 

The  MOD  Salisbury  test  tank  currently  has  sound  absorption  properties  which 
are  inherent  to  the  nature  of  its  construction.  However,  there  is  some  potential 
to  improve  the  direct  field  measuring  capability  of  the  tank  if  the  averaged 
sound  absorption  of  its  boundary  surfaces  was  increased. 

If  the  averaged  sound  power  absorption  coefficient  of  the  boundaries  of  the 

tank,  a,  was  doubled,  from  the  Sabine  equation,  equation  (8),  the  reverberation 
time  Tw  would  then  be  halved,  from  equation  (10)  the  room  constant  Rrc  would 
be  approximately  doubled  and  from  equation  (12)  the  reverberation  radius  r0 

would  increase  by  \fl  .  Thus  the  distance  from  a  sound  source  at  which  the 
direct  field  contribution  was  greater  than  the  reverberant  field  contribution 
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would  be  increased  by  \fl  and  direct  field  measurements  taken  in  the  tank 
may  become  more  convenient  to  perform. 

As  is  well  known,  some  water-filled  acoustical  test  tanks  are  lined  in  particular 
anechoic  materials.  If  such  a  lining  was  applied  to  the  walls  of  the  MOD 

Salisbury  test  tank,  and  a  was  doubled,  it  might  be  expected  that  the 
reverberation  radii,  as  shown  in  Table  9,  might  be  increased  by,  the  order  of 

yjl .  A  further  advantage  of  increased  sound  absorption  is  the  resultant 
decrease  in  the  frequency,  fSeh,  at  which  measurements  may  be  carried  out  in 
the  tank.  From  equation  (28),  the  Schroeder  cutoff  frequency  will  decrease  by 

a  factor  of  \Jl  (to  about  360  Hz)  if  the  reverberation  time  is  halved. 

3.7.2  decreasing  absorption 

A  water  test  tank  constructed  as  an  above-ground  facility,  with  relatively  thin 
walls  of  wooden,  concrete  or  metal  construction,  is  likely  to  have  good  sound 
reflection  from  the  above-ground  walls,  as  these  walls  will  present  a  low 
acoustic  impedance.  This,  combined  with  high  sound  reflection  from  the  air- 
water  interface,  will  give  rise  to  a  long  reverberation  time,  Tm,  and  a  small 
reverberation  radius,  r0.  This,  in  turn,  will  enable  reverberant  field 
measurements  to  be  carried  out  more  easily,  as  hydrophones  may  then  be 
placed  more  closely  to  a  source.  However,  equation  (28)  shows  that  an 
increase  in  reverberation  time  gives  rise  to  an  increase  in  the  Schroeder  cutoff 
frequency,  fSch,  this  rising  in  proportion  to  the  square  root  of  the  reverberation 
time. 


4.  Procedures  for  Measurements 

The  previous  sections  of  this  report  describe  the  development  of  the  relevant 
theory,  and  the  conduct  of  the  necessary  measurements,  by  which  the  MOD 
Salisbury  test  tank  has  been  characterised  as  an  acoustical  measurement 
facility.  For  the  benefit  of  those  who  wish  to  use  this  facility,  or  any  other 
water-filled  test  tank,  the  important  conclusions  of  the  earlier  sections  of  this 
report  are  summarised  below,  in  the  form  of  a  practical  user  guide.  For  the 
purposes  of  brevity  and  clarity,  this  user  guide  has  been  prepared  so  that  it 
may  be  read  in  isolation  from  the  remainder  of  the  report.  No  reference  is 
made  to  the  earlier  sections  which  contain  the  relevant  derivations,  however, 
the  inquisitive  reader  will  have  no  difficulty  in  finding  this  material  and  may 
be  assured  that  the  detail  is  all  included  above. 

4.2  SL  and  Sound  Power  Measurements 

In  general,  underwater  sound  sources  and  receivers  which  are  usually  operated 
in  free  space  should  be  located  near  to  the  centre  of  the  chamber,  to  ensure 
that  the  chamber  boundary  surfaces  do  not  have  a  reaction  on  the  source  (or 
receiver). 
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4.1.1  direct  sound  field 


An  acoustic  receiver3  will  be  in  the  direct  sound  field  of  a  source  in  a  water- 
filled  test  tank  if  the  source  to  receiver  separation  is  much  less  than  the  radius 
of  reverberation,  r0,  given  by 


N 


0.0373  V  Qe 

167t  (Tm  -  0.0373 VJ A) 


where 


V  is  volume  of  water  in  tank,  m3 

Qe  is  directivity  of  sound  source,  non-dimensional.  10  log10Qe  is 
the  same  as  the  directivity  index,  DI,  of  the  sound  source 
T6 o  is  reverberation  time  (time  for  acoustic  energy  density  to 

decay  60  dB),  seconds 

A  is  total  surface  area  of  tank  boundaries,  m2 


For  a  receiver  located  in  the  direct  sound  field  of  a  sound  source  in  a  test  tank 
filled  with  fresh  water,  the  source  level,  SL,  defined  as  the  (maximum)  axial 
response  as  an  rms  sound  pressure  in  dB  extrapolated  to  a  position  1  m  from 
the  acoustical  centre  of  the  source,  may  be  determined  by  measurement  as 


SL  ~  SPLdir  +  20  log1Qr  dB  re  1  m. 

where  SPLdir  is  rms  sound  pressure  level  at  distance  r  due  to  direct 
field,  dB  re  1  pPa 

r  is  distance  from  source,  m 


The  corresponding  sound  power  output  of  the  sound  source  in  watts,  ~P ,  may 
be  determined  by  measurement  as 


1.17  xlO17  Qe 


watts. 


The  SL  may  be  determined  from  a  measurement  of  the  direct  field  sound 
pressure  level,  SPLdir/  taken  at  any  distance  from  a  monopole  source  existing  as 
a  pulsating  sphere.  Such  a  measurement  may  even  be  taken  at  a  point  on  the 
surface  of  the  sphere,  regardless  of  the  acoustic  wavelength  (so  long  as  the 
displacement  of  the  surface  is  much  less  than  the  radius  of  the  sphere).  For  a 
piston  radiator,  a  measurement  may  be  taken  at  a  minimum  distance  of  about 
two  diameters  from  the  centre  of  the  piston. 

Dependent  upon  the  ratio  of  the  measurement  distance  from  the  acoustical 
centre  of  a  sound  source  to  the  radius  of  reverberation,  a  value  of  SPLdir  may 
need  to  be  obtained  from  a  measurement  procedure  which  includes  either 
spatial  or  spectral  averaging,  or  both.  In  such  a  case,  a  correction  term,  SPLcorr, 
must  be  subtracted  from  the  measured  sound  pressure  level,  SPLmeas,  to  obtain 
the  value  of  SPLdir.  The  required  value  of  this  correction  term  is  shown  in  the 


3 


For  this  section,  it  is  assumed  that  the  receiver  has  omnidirectional  sensitivity  to  sound 
pressure. 
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table  below: 


Direct  Field  Measurement  at  Different  Fractions  of  Reverberation  Radius,  r0 


distance  from  sound 
source  as  fraction  of  r0 

correction  term  SPLcon  dB 

(sPllt  ■  SPLmm  ~  SPL  J 

>  r0 

no  direct  field  contribution 

r0 

3.00 

r0/2 

0.97 

r0P 

0.46 

rj  4 

0.26 

rj  5 

0.17 

4.1.2  reverberant  sound  field 


An  acoustic  receiver  will  be  in  the  reverberant  sound  field  in  a  water-filled  test 
tank  if  the  source  to  receiver  separation  is  greater  than  the  radius  o 
reverberation,  r„.  For  a  receiver  in  the  reverberant  sound  field,  the  SL  may  be 
determined  by  measurement  as 


SL  =  SPL  +  10  log10V  +  10  log10Qe-  10  log 


•10 


A 


0.0373  V 


60 


-  31.3  dB. 


where  SPL. 


is  sound  pressure  level  of  spatially  averaged  rms  sound 
pressure  due  to  reverberant  field,  dB  re  1  pPa 


The  corresponding  sound  power  output  of  the  sound  source  in  watts,  P,  may 
be  determined  by  measurement  as 

(SPM 

loHn  y 


F  = 


watts. 


1.58x10 


1 20 


T  - 
60 


0.0373  V 


A  value  of  SPLrev  must  be  obtained  from  a  measurement  procedure  which 
includes  either  spatial  or  spectral  averaging,  or  both.  Dependent  upon  the 
ratio  of  the  measurement  distance  from  the  acoustical  centre  of  the  sound 
source  to  the  radius  of  reverberation,  a  correction  term,  SPL ^  must  be 
subtracted  from  the  measured  sound  pressure  level,  SPL ^  to  obtain  the  value 
of  SPL  The  required  value  of  this  correction  term  is  shown  in  the  table 

below: 


' 
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Reverberant  Field  Measurement  at  Different  Fractions  of  Reverberation  Radius,  r0 


distance  from  sound 
source  as  multiple  of  r0 

correction  term  SPLcorr  dB 
(SPL  =  SPL  -  SPL  ) 

\  rev  meas  corrf 

r0 

3.00 

2  r0 

0.97 

3  r0 

0.46 

4r0 

0.26 

5r0 

0.17 

>r0 

0.00 

Measurements  of  sound  pressure  in  the  reverberant  field  must  be  taken  in 
areas  of  the  chamber  in  which  the  sound  field  may  be  regarded  as  diffuse. 
Some  rules  of  thumb,  largely  from  section  6.4  of  reference  (1),  are  as  follows: 


(a)  No  hydrophone  measurement  should  be  made  less  than  one  major  source 
dimension  from  the  source,  even  if  the  reverberation  radius  is  smaller 
than  this  dimension. 

(b)  For  highly  directional  sources,  hydrophone  measurements  should  not  be 
taken  in  the  line  of  source  direction 

(c)  No  hydrophone  should  be  placed  more  closely  to  a  chamber  boundary 
surface  than  _  at  the  frequency  of  interest. 


4.2  Directivity  Measurements 
4.2.1  source  directivity 


Once  the  SL,  defined  as  the  axial  response  (that  is,  along  the  axis  with  the 
maximum  response),  has  been  determined  from  a  direct  field  measurement4, 
as  described  in  section  4.1.1,  the  directivity  of  the  source  may  be  determined 
using  a  corresponding  measurement  of  the  rms  sound  pressure  level  in  the 
reverberant  field,  SPLrev.  The  directivity  of  the  source,  Q0,  is  non-dimensional. 
It  is  more  convenient  to  deal  with  the  directivity  index,  DI,  of  the  source. 


which  is  the  same  as  10  log10Qe  (see,  for  example,  page  184  of  reference  (4)). 
The  directivity  index  may  then  be  determined  as 


DI  =  SL  -  SPLm-  10  log10y  +  10  log 


310 


T  - 

60 


0.0373  V 


+  31.3  dB. 


A  more  direct  method,  requires  the  use  of  a  second  source  which  is  known  to 
be  omni-directional.  Here,  the  known  source  is  substituted  for  the  unknown. 


4 


For  this  section,  it  is  assumed  that  the  receiver  has  omnidirectional  sensitivity  to  sound 
pressure. 
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after  the  on-axis  output  from  each,  as  determined  by  a  receiver  in  the  close 
direct  field,  has  been  adjusted  to  be  the  same.  Corresponding  measurements 
of  the  rms  sound  pressure  level  in  the  reverberant  field,  SPLrei„  are  then  used  to 
determine  the  DI.  Here,  the  reduction  in  the  reverberant  field  dB  level  that 
occurs  when  the  unknown  source  insonifies  the  chamber  is  the  same  as  its  DI. 

4.2.2  receiver  directivity 

If  an  omnidirectional  sound  source  is  used,  the  directivity  of  a  receiver  may  be 
determined.  Here  the  SL  must  be  measured  by  the  subject  receiver  in  a  direct 
field  measurement  as  described  in  section  4.1.1,  with  the  receiver  axis  of 
maximum  response  directed  at  the  source.  The  directivity  index  of  the  receiver 
may  then  be  determined  using  a  corresponding  measurement  of  the  rms  sound 
pressure  level  in  the  reverberant  field,  SPLrev,  as 

DI  =  SL  -  SPLreo-  10  log10V  +  10  log10  Ta-  °'°^3--  +  31.3  dB. 

V 

A  more  direct  method,  requires  the  use  of  a  second  receiver  which  is  known  to 
be  omni-directional.  Here,  both  receivers  are  placed  in  the  close  direct  field  of 
the  omni-directional  source  and,  by  finding  the  axis  of  maximum  response  for 
the  unknown  receiver,  the  on-axis  output  of  each  receiver  is  adjusted  to  be  the 
same.  Corresponding  measurements  of  the  rms  sound  pressure  level  recorded 
by  each  receiver  in  the  reverberant  field  ( SPLrev )  are  then  used  to  determine  the 
DI  of  the  unknown  receiver.  Here,  the  reduction  in  the  dB  level  received  by 
the  unknown  receiver  is  the  same  as  its  DI. 

4.3  Spatial  Averaging 

Unless  the  distance  of  a  receiver  from  the  sound  source  is  much  less  than  the 
radius  of  reverberation,  r0,  the  received  signal  is  highly  variable  with  position 
in  a  test  tank  and  spatial  or  spectral  averaging,  or  both,  must  be  employed. 
Also,  for  all  but  large  multiples  or  small  fractions  of  distance  r0  from  the  sound 
source,  the  averaged  sound  pressure  will  be  composed  of  significant  direct  and 
reverberant  components,  and  procedures  described  in  sections  4.1.1  and  4.1.2 
must  be  used  to  determine  either  component  based  on  a  measurement. 

The  spatially-averaged  amount  of  spatial  variability  existing  at  the  distance  r0, 
and  at  various  fractions  of  it,  is  expressed  as  a  standard  deviation,  o,  in  dB  in 
the  table  below. 


Spatial  Variability  at  Different  Fractions  of  Reverberation  Radius,  r0 


fraction  of  r0 

standard  deviation 
of  variability  o  dB 

>  r0 

5.57 

r0 

4.92 

rjl 

2.99 

rj  3 

2.02 

rj  4 

1.50 

rj  5 

1.20 

Clearly,  the  closer  the  measurement  position  to  the  sound  source,  the  smaller 
the  spatial  variability.  For  larger  distances,  the  spatial  variability  may  be 
reduced  by  either  averaging  measurements  along  a  straight  line  traverse,  or 
averaging  a  number  of  (spatially  independent)  measurements  taken  at  locations 
separated  by  at  least  X/2. 

For  sound  levels  expressed  in  dB,  the  standard  deviation  ores  resulting  from 
averaging  along  a  straight  line  traverse  is  approximately  given  by 

c  =  ° . .  dB. 

”  +  X/0.3A.) 

where  o  is  standard  deviation  of  variability  from  table  above,  dB 
X  is  length  of  straight  line  traverse  used  for  receiver,  m 
X  is  wavelength,  m 


The  standard  deviation  ores  resulting  from  averaging  NMmp  (independent) 
measurements  at  fixed  locations  separated  by  at  least  X/2  is  given  by 

c  =  —2—  dB  . 

res  I - 

Jn 

V  samp 

where  o  is  standard  deviation  of  variability  from  table  above,  dB 


4.4  Spectral  Averaging 

The  variability  of  received  sound  pressure  level,  as  measured  in  a  water-filled 
test  tank,  is  the  same  for  a  fixed  geometry  and  changing  frequency  as  it  is  for  a 
fixed  frequency  and  changing  location,  for  a  given  fraction  of  the  distance  r0 
from  the  sound  source.  Spectral  averaging  may  thus  be  employed  to  reduce 
the  variability  in  measured  sound  pressure  levels,  in  dB.  Also,  for  all  but  large 
multiples  or  small  fractions  of  distance  r0  from  the  sound  source,  the  averaged 
sound  pressure  will  be  composed  of  significant  direct  and  reverberant 
components,  and  procedures  described  in  sections  4.1.1  and  4.1.2  must  be  used 
to  determine  either  component  based  on  a  measurement. 

For  sound  levels  expressed  in  dB,  the  standard  deviation  ores  resulting  from 
averaging  the  received  sound  pressure  level  in  dB  over  a  band  of  frequencies 
of  bandwidth  W  is  given  by 
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G 


dB, 

^1  +  0.238  TmW 

where  o  is  standard  deviation  of  variability  from  table  in  section  4.3 
above,  dB 


4.5  Lower  Limiting  Frequency 


Measurements  of  the  characteristics  of  underwater  sound  sources  and  receivers 
may  be  carried  out  in  a  water-filled  test  tank  at  frequencies  above  the 
Schroeder  cutoff  frequency,  fSch,  given  by 


h 


Sch 


c3  T, 


60 


aJ  4  V  In  10 


Hz. 


where 


c  is  the  sound  velocity,  m/ s 

T6 o  is  reverberation  time  (time  for  acoustic  energy  density  to 
decay  60  dB),  seconds 
V  is  volume  of  water  in  tank,  m3 


For  the  MOD  Salisbury  test  tank,  based  on  a  measured  reverberation  time  at 
1000  Hz  of  about  0.15  seconds,  a  water  volume  of  200  m3,  and  the  speed  of 
sound  in  fresh  water  of  1481  m/s,  the  Schroeder  cutoff  frequency  is  about 
510  Hz. 


4.6  Upper  Limiting  Frequency 

Measurements  of  the  characteristics  of  underwater  sound  sources  and  receivers 
may  be  carried  out  in  a  water-filled  test  tank  at  frequencies  up  to  that  for 
which  sound  absorption  within  the  water  becomes  significant. 


For  a  fluid  with  absorption  caused  by  shear  and  bulk  viscosity,  the  frequency 
f  for  which  the  absorption  within  the  fluid  is  less  than  x  dB  in  a  period 
within  the  reverberation  time  for  a  chamber,  is  given  by 


where 


fmax 

X 


n 


is  frequency,  Hz 

is  maximum  permissible  absorption  within  the  fluid,  dB 
is  coefficient  of  shear  viscosity,  Pa  •  s 
is  coefficient  of  bulk  viscosity.  Pa  •  s 


For  the  MOD  Salisbury  test  tank,  for  a  maximum  fluid  absorption  of  1  dB 
within  the  reverberation  time  of  about  0.15  seconds,  based  on  values  of 
density,  sound  velocity  and  shear  viscosity  for  fresh  water  of  998  kg/ m3, 
1481  m/s  and  0.001  Pa  -  s,  respectively,  and  assuming  that  the  bulk  viscosity  is 
2.81  times  the  shear  viscosity,  the  maximum  frequency  for  the  use  of  the 
chamber  is  143  kHz. 
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4.7  Measurements  of  Reverberation  Time 

The  reverberation  time  is  the  time  required  for  the  ensemble  sound  energy 
density  within  a  chamber  to  decay  60  dB  from  it's  original  value,  after  a  sound 
source,  which  has  fully  insonified  the  chamber,  has  been  turned  off 
instantaneously.  The  reverberation  time  for  a  chamber  should  be  evaluated 
shortly  before  other  measurements  are  carried  out.  Chambers  such  as  the 
MOD  Salisbury  test  tank,  which  have  water-ground  interfaces,  may  be  affected 
by  soil  moisture  content  and  so  the  value  of  T6 0  may  be  dependent  upon  recent 
weather  events,  as  well  as  the  time  of  year. 

The  reverberation  time  may  be  measured  by  fully  insonifying  the  chamber  and 
then  abruptly  stopping  the  output  from  the  sound  projector  whilst  continually 
recording  the  decay  of  acoustic  pressure  with  a  hydrophone  placed  at  least  A./4 
from  any  surface.  To  ensure  full  insonification,  the  sound  projector  must 
function  for  a  duration  at  least  several  times  the  reverberation  time. 


The  desired  decay  curve  is  one  which  gives  the  average  acoustic  energy 
density  or  the  volume  average  of  squared  pressure  versus  time  following 
source  switch-off.  This  volume  average  can  be  approximated  by  the  running 
time  averages  of  many  hydrophones  spaced  for  independence  (at  least  \/2 
apart),  however  it  is  usually  more  convenient  to  achieve  this  result  with 
spectral  averaging  of  the  output  from  a  single  hydrophone.  The  resultant 
instantaneous  pressure  is  then  squared  and,  in  the  case  of  several 
measurements,  averaged.  To  reduce  the  erratic  nature  of  the  decay  curves,  the 
data  may  be  integrated  in  time  as  follows: 

f  \ 


10  log 


10 


1 


/ 


P2(t) 


dt 


where 


l  ref 

Pref 


1  rf  t  Pref 

J  / 

is  any  arbitrarily  chosen  constant 

is  reference  acoustic  pressure,  1  pPa  (20  pPa  for  air  acoustics) 


The  slope  of  this  curve  gives  the  decay  rate  in  decibels  per  second  and  is  equal 
to  60/T^.  Values  of  the  reverberation  time  which  have  been  obtained  for  the 
MOD  Salisbury  test  tank  using  this  procedure,  based  on  pure  tone 
insonification  and  spatial  averaging,  are  shown  in  the  table  below. 


Measured  Reverberation  Times,  T60,  for  MOD  Salisbury  Test  Tank  (ms) 


Frequency 

1000  Hz 

2000  Hz 

4000  Hz 

8000  Hz 

Measured 

156 

334 

214 

97 

If  spectral  averaging  is  employed  in  the  measurement  of  reverberation  time,  an 
averaged  decay  on  a  single  hydrophone  at  a  fixed  location  in  the  chamber  is 
adequate.  The  spectral  averaging  achieved  by  using  a  bandwidth  W  is 
equivalent  to  spatially  averaging  at  1  +  0.238  W  independent  positions 
(each  X/2  apart).  Knowledge  of  the  bandwidth  over  which  the  averaging  is 
effective  thus  needs  the  reverberation  time  as  an  input.  Thus,  once  the  order 
of  magnitude  of  the  reverberation  time  is  known  from  an  initial  pure  tone- 
based  measurement,  the  required  bandwidth  W  which  gives  the  desired 
averaging  may  be  found.  If  averaging  equivalent  to  that  achieved  by  using  5 
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independent  positions  is  desired,  then  the  required  bandwidth  W  =  — —  • 

Measurements  of  the  reverberation  time  must  be  made  in  the  reverberant  field 
of  the  test  chamber,  that  is,  at  greater  distances  from  the  insonifying  source 
than  the  radius  of  reverberation,  r0.  Again,  the  determination  of  this  distance 
is  dependent  upon  the  prior  knowledge  of  the  reverberation  time,  Tm.  Some 
trial  and  error  may  thus  be  required  before  the  extent  of  the  reverberant  field 
is  known. 


5.  Conclusions 

The  MOD  Salisbury  test  tank  has  been  shown  to  have  a  perfectly  diffuse  sound 
field  at  frequencies  above  approximately  510  Hz.  This  facility  is  thus  suitable 
to  be  used  for  acoustical  measurements  requiring  either  a  reverberant  or  a 
direct  sound  field  above  about  510  Hz.  For  such  higher  frequencies,  the 
chamber  does  not  impose  any  back-reaction  upon  a  sound  source,  and, 
depending  upon  source  directivity  and  size,  sound  sources  in  the  MOD 
Salisbury  test  tank  will  operate  exactly  as  they  will  in  an  ocean  environment  of 
infinite  extent.  Note  that  sound  absorption  within  the  water  in  the  chamber 
imposes  a  maximum  frequency  for  testing  of  about  150  kHz. 

The  acoustical  properties  of  the  MOD  Salisbury  test  tank  have  been  measured 
and  are  in  very  good  agreement  with  expectations  based  on  existing  room 
acoustic  theory.  The  reverberation  radius,  being  the  distance  from  a  sound 
source  within  which  the  direct  sound  field  dominates  the  reverberant  sound 
field,  was  determined  for  several  frequencies  and  was  found  to  be  convenient 
for  the  taking  of  sound  pressure  measurements  in  either  the  direct  or 
reverberant  fields.  Generally  speaking,  the  reverberation  radius  is  about  1  m. 
In  terms  of  the  descriptions  used  for  acoustical  chambers,  the  MOD  Salisbury 
test  tank  has  the  following  ratings:  "medium-dead"  (1000  Hz),  "medium-live  to 
average"  (2000  Hz),  "average  to  medium-dead"  (4000  Hz),  "dead"  (8000  Hz). 

If  the  MOD  Salisbury  test  tank  is  to  be  used  for  reverberant  field 
measurements,  or  for  measurements  in  all  but  close  proximity  to  a  source, 
either  spatial  averaging  or  spectral  averaging  techniques,  will  be  necessary.  To 
enhance  the  use  of  the  test  tank  for  sound  power  measurements,  the  absorptive 
properties  of  the  tank  walls  must  be  increased  by  adding  an  absorptive  lining 
to  the  walls. 

A  knowledge  of  the  reverberation  time,  TM,  is  essential  to  the  use  of  this  or  any 
other  reverberant  chamber  for  SL,  sound  power  and,  depending  on  technique, 
source  or  receiver  directivity  measurements.  The  reverberation  time  is  related 
to  all  dependent  acoustical  properties  of  an  acoustical  chamber.  It  is  required 
for  specifying  the  reverberation  radius,  the  lower  frequency  limit  for 
measurements  in  the  chamber,  and  for  determining  the  bandwidth  over  which 
spectral  averaging  must  be  performed.  For  the  MOD  Salisbury  test  tank,  the 
reverberation  time  was  of  the  order  of  0.2  seconds,  and  was  frequency 
dependent. 
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A  reasonably  accurate  estimation  of  the  reverberation  time  of  the  MOD 
Salisbury  test  tank  was  made,  on  the  basis  of  the  tank  construction  details,  and 
a  sample  measurement  of  the  normal  incidence  pressure  amplitude  reflection 
coefficient  of  the  tank  wall.  It  is  thus  expected  that  the  properties  of  other 
reverberant  chambers  may  be  estimated,  to  a  first  order  accuracy,  on  a  basis  of 
their  physical  properties,  dimensions,  and  properties  of  the  fluid  used  as  the 
acoustical  medium. 
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